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The application of pesticides in agriculture production systems is a complex process and
involves a series of factors that dynamically interact to impact overall pesticide application
efficacy. Spray droplet formation, target impaction and deposition, plant uptake, and subsequent
biological response are all functions of pesticide active ingredient, nozzle selection, application
pressure, and carrier volume. Smaller spray droplets with a lower kinetic energy result in greater
spray droplet retention on the leaf surface relative to larger droplets. Consequently, larger spray
droplets with higher kinetic energy are poorly retained on the leaf surface and yield minimal
coverage of leaf surface tissue. While smaller droplets maximize target coverage and spray
droplet retention, larger spray droplets minimize off-target movement and agrichemical
transport. Consequently, application factors that maximize pesticide efficacy and minimize offtarget movement are often incongruous elements. Therefore, the objective of this research was
to evaluate the impact of carrier volume and spray droplet size on the efficacy of various
pesticide applications in Mississippi. These data indicate that 1) for thrips and tarnished plant
bug control, acephate and sulfoxaflor are superior dicamba application partners relative to
dimethoate and thiamethoxam, respectively, insecticide efficacy did not vary due to spray droplet

size when applied without dicamba, and maximum efficacy was achieved with a carrier volume
of 187 L ha-1; 2) dicamba + acephate and dicamba + thiamethoxam or sulfoxaflor are efficacious
options to control Palmer amaranth relative to dicamba applied alone, and maximum Palmer
amaranth control was achieved with a carrier volume of 187 L ha-1; 3) cotton defoliation efficacy
is positively and negatively correlated with carrier volume and spray droplet size, respectively,
and maximum efficacy was achieved with cotton defoliation programs consisting of twoapplications, each with a carrier volume of 187 L ha-1 and 200 µm droplets; 4) soybean harvest
aid efficacy is primarily a function of the harvest aid applied and that the impact of carrier
volume and spray droplet size varies across harvest aids. However, when paraquat is applied, a
carrier volume between 47 and 187 L ha-1 should be utilized with droplets of 200 – 500 µm to
maximize harvest aid efficacy.
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CHAPTER I
THRIPS (THRIPS SP.) AND TARNISEHD PLANT BUG (LYGUS LINEOLARIS) CONTROL
IN DICAMBA-TOLERANT COTTON (GOSSYPIUM HIRSUTUM) WITH VARIOUS
DICAMBA + INSECTICIDE TANK-MIXTURES
1.1

Abstract
Postemergence (POST) herbicide applications for Palmer amaranth control often coincide

with foliar insecticide applications for thrips and tarnished plant bug control in early and midseason cotton production systems, respectively. Combining multiple pesticide materials into a
single application would serve as a means to increase application efficiency. While multiple
insecticides for foliar thrips and tarnished plant bug control are now labeled for various dicamba
+ insecticide tank-mixtures, there is a paucity of data with respect to the efficacy of these
insecticides when applied as a single application with dicamba. Our results show that acephate
and sulfoxaflor are superior dicamba tank-mixture partners as compared to dimethoate and
thiamethoxam, respectively. Additionally, higher carrier volumes should be utilized with these
applications to maximize insecticide efficacy. Therefore, these data indicate that dicamba +
acephate and dicamba + dimethoate have utility in dicamba-tolerant cotton production systems to
control thrips and tarnished plant bugs, respectively, and that maximum efficacy was achieved
with a carrier volume of 280 L ha-1.
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1.2
1.2.1

Introduction
Thrips
Thrips are an insect pest of cotton that may be found throughout the growing season;

however, can inflict yield-limiting damage only through the four- to five-leaf growth stage.
Tobacco thrips (Frankliniella fusca, Hinds), western flower thrips (Frankliniella occidentalis,
Pergande), flower thrips (Frankliniella tritici, Fitch), and onion thrips (Thrips tabaci, Lindeman),
are the five most common thrips species observed to infest cotton seedlings in the United States
(Cook et al. 2011).
In the Southern and Mid-Southern United States (U.S.), tobacco thrips is the most
common and most damaging thrips species infesting seedling cotton (Cook et al. 2003; Reed et
al. 2010; Stewart et al. 2011). Over the last 20 years, neonicotinoid seed treatments served as
the primary option to control tobacco thrips on seedling cotton (Huseth et al. 2016). Tobacco
thrips are highly polyphagous insects, and since the time frame of exposure to the insecticide is
narrow, risk of resistance to neonicotinoid seed treatments was thought to be minimal (Huseth et
al. 2016). However, diminished levels of F. fusca control with neonicotinoid seed treatments
were observed during 2012, necessitating on average, a minimum of two additional foliar
insecticide applications for an estimated 80% of cotton hectares in Mississippi (Williams 2013).
Neonicotinoid-resistant tobacco thrips continue to be a substantial issue in cotton
production systems in the Mid-South and Southeast, and commonly require foliar insecticide
applications each year. Several foliar applied organophosphate insecticides (acephate,
dicrotophos, and dimethoate) control thrips through direct contact and systemic activity (Tomlin
2006; Thomson 1989) by binding to and inhibiting the enzyme acetylcholinesterase (AChE) in
tissues of the nervous system, resulting in the accumulation of the neurotransmitter acetylcholine
which activates cholinergic receptors (Klaassen 2001; Reigart and Roberts 1999). Reed and
2

Smith (2001) report that the target for the majority of insecticide applications is the leaf surface.
Therefore, optimizing foliar insecticide application efficacy requires applications that result in
maximum leaf coverage, deposition, and subsequent absorption of the material being applied.
1.2.2

Tarnished plant bugs
Tarnished plant bug (Lygus lineolaris Palisot de Beauvois) is an insect pest native to the

eastern portion of the U.S.; however, they have a present day range that spans throughout large
portions of North America (Walgenbach 2015). In the Mid-Southern U.S., tarnished plant bugs
are a major insect pest of cotton (Layton 2000) and preferentially feed on small to medium-sized
flower buds relative to other plant structures (Tugwell et al. 1976) leading to abscission of the
developing square and direct yield losses (Layton 2000). Additionally, damage to larger squares
damages the developing anthers of the flower and results in abnormal floral development (Gore
et al. 2012).
Tarnished plant bug resistance to pyrethroids was first documented in 1995 (Snodgrass
1996), and organophosphates in 2001 (Snodgrass and Scott 2002). Today, tarnished plant bugs
throughout the Mid-South express some level of resistance to pyrethroids (Snodgrass 1996;
Snodgrass and Scott 1999; Snodgrass and Scott 2000), and organophosphates (Snodgrass and
Scott 2002; Snodgrass et al. 2009). Resistance to acephate led to the development of resistance
to other organophosphate and carbamate insecticides currently labeled for tarnished plant bug
control in cotton (Snodgrass et al. 2009). Consequently, with resistance to organophosphate and
pyrethroid insecticides widespread throughout the Mid-South and Southeast, neonicotinoid
insecticides are now important for tarnished plant bug control in cotton during pre-bloom and
flowering periods (Gore et al. 2012). Commonly used neonicotinoid insecticides for tarnished
plant bug control in cotton are imidacloprid and thiamethoxam (Gore et al. 2012); however,

3

sulfoxaflor is the principal material utilized today. These materials provide systemic activity,
requiring absorption and translocation within the plant. Mortality occurs when tarnished plant
bugs ingest treated plant material (Simon-Delso et al. 2015).
1.2.3

Precision application factors
The application of pesticides in agriculture production systems is a complex process and

involves a series of factors that both independently and interactively contribute to the efficacy of
the application. These factors include droplet formation at the nozzle, transport from the nozzle
to the plant surface, leaf impaction and retention, deposition, plant uptake, and plant biological
response (Brazee et al. 1991; Ebert and Downer 2008; Merritt et al. 1989; and Reichard 1988).
Additionally, active ingredient (Creech et al. 2016; Knoche 1994; Meyer et al. 2015),
nozzle selection (Berger et al. 2014; Etheridge et al. 2001; Johnson et al. 2006; Klein et al. 2009;
Miller and Ellis 2000; Nuyttens et al. 2007; van de Zande et al. 2002; Yates et al. 1985),
application pressure (Creech et al. 2015; Nuyttens et al. 2007;), and carrier volume (Berger et al.
2014; Knoche 1994; Reed and Smith 2001; Shaw et al. 2000; Whisenant et al. 1993)
dynamically affect the physical and chemical properties of spray droplets themselves.
Nozzles utilized in agriculture production systems commonly yield droplets from 10 to
greater than 1000 µm (micrometers) in diameter (Bouse et al. 1990), with droplets < 150 µm
(Yates et al. 1985) and 200 µm (Etheridge et al. 2001) being classified as droplets with a
propensity to drift off-site. Smaller spray droplets with a lower kinetic energy result in greater
spray droplet retention on the leaf surface relative to larger droplets. Consequently, larger spray
droplets with higher kinetic energy are poorly retained on the leaf surface and yield minimal
coverage of leaf surface tissue (Spillman 1984, Forster et al. 2005). While smaller droplets
maximize target coverage and spray droplet retention, larger spray droplets minimize off-target
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movement and agrichemical transport. Therefore, pesticide application factors that maximize
pesticide application efficacy and minimize off-target pesticide movement are often incongruous
elements.
1.2.4

Impact of carrier volume and spray droplet size on insecticide efficacy
Achieving maximum insecticide efficacy is a function of spray droplet coverage or target

interception, deposition, retention, and subsequent absorption into the plant. Since the primary
target for the majority of insecticide applications is the leaf surface (Reed and Smith 2001) spray
droplet size is of unique importance due to its effect on insecticide application efficacy (Reed
and Smith 2001; Womac et al. 1994). Specifically, spray droplets of ≤ 330µm maximize foliar
insecticide application efficacy (Robb and Parella 1995). Additionally, insecticide efficacy is
positively correlated with carrier volume (Robb and Parella 1995; Ugine 2007). While smaller
droplet sizes maximize the efficacy of certain pesticide applications, larger spray droplets
minimize off-target movement and agrichemical transport. Therefore, pesticide application
factors that maximize insecticide application efficacy and minimize off-target movement are
often incongruous elements.
Consequently, these data indicate that specific carrier volume and droplet size effects on
insecticide efficacy likely vary across insecticides and as a function of their mode of action.
Insecticides with contact activity likely benefit from smaller droplet sizes that produce maximum
coverage of plant surfaces thereby increasing the likelihood of insect interception. Conversely, if
insecticides with systemic activity are utilized, droplet sizes resulting in maximum chemical
deposition and subsequent plant uptake are likely required.

5

1.2.5

Research Objectives
In Mid-Southern and Southeastern cotton production systems, postemergence herbicide

applications for Palmer amaranth (Amaranthus palmeri) control often overlap with foliar
insecticide applications for thrips and tarnished plant bug control. Combining multiple pesticide
materials into a single application would serve as a means to increase application efficiency
while simultaneously reducing application cost and the time allocated for the next application.
Label restrictions for all dicamba formulations in dicamba-tolerant cotton cropping systems
require the utilization of spray nozzles that produce ultra-coarse (> 650 µm) spray droplets. As
selection pressure persists and increases on remaining options for glyphosate-, PPO-, and ALSresistant Palmer amaranth, neonicotinoid resistant thrips, and pyrethroid- and organophosphateresistant tarnished plant bugs, optimization of pesticide applications to maximize pesticide
efficacy are required.
Multiple insecticides for foliar thrips and tarnished plant bug control are now labeled for
dicamba + insecticide tank-mixtures. However, there is a paucity of data with respect to the
efficacy of these insecticides when applied with dicamba. Consequently, the efficacy of these
insecticide applications when applied with dicamba is unknown. Therefore, the objective of this
research was to evaluate the impact of carrier volume and spray droplet size on the efficacy of
insecticide tank-mixtures to control thrips and tarnished plant bug when applied with dicamba in
Mid-Southern and Southeastern cotton production systems. If efficacious, a single-pass
application would serve as a means to increase overall pesticide application efficiency.
1.3

Materials and Methods
A pair of field experiments was conducted during the growing seasons of 2018, 2019, and

2020 to evaluate the impact of carrier volume and spray droplet size on the efficacy of various
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insecticides on thrips and tarnished plant bug control when applied with dicamba (XtendiMaxTM
with VaporGripTM; Bayer, Leverkusen, Germany) in dicamba-tolerant upland cotton production
systems. Both experiments consisted of a single field location: the Delta Research and Extension
Center in Stoneville, Mississippi. In each experiment, four row plots were planted to a single
cotton variety: DP 1646 B2XF (Bayer, Leverkusen, Germany), at a population of 108,726 seed
per hectare (ha-1). In order to evaluate thrips control, cotton seed did not have an insecticide seed
treatment to encourage early-season thrips infestation. Plot dimensions for each experiment
were 3.9m x 14.2m. Applications were initiated when cotton reached ~ 4-lf. growth stage
(Experiment 1) and immediately prior to bloom (Experiment 2).
Applications were made with a Capstan Ag Systems (Topeka, Kansas) Pinpoint PulseWidth Modulation (PWM®) sprayer on a high-clearance Bowman Mudmaster (Bowman
Manufacturing, Newport, Arkansas) traveling at a ground speed of 14.5 kilometers per hour (km
hour-1). In a PWM® system, flow and output is controlled by the relative proportion of time that
each electronically actuated solenoid valve is open, and is referred to as the duty cycle (Giles and
Comino 1990). The duty cycle of a PWM® sprayer is documented as having a minimal impact
on the spray droplet size of the emitted droplet spectra when compared to conventional pressure
regulated systems (Creech et al. 2015), and is therefore uniquely suited for both pesticide
application research and minimizing pesticide drift.
In both experiments, a single formulation of dicamba was utilized (XtendiMaxTM with
VaporGripTM), and was applied at rate of 560 grams acid equivalent per hectare (g ae ha-1)
(Table 1.1). For Experiment one, acephate (Acephate 97UP; United Phosphorus, Inc.; King of
Prussia, Penssylvania) and dimethoate (Dimethoate 4 EC; Drexel Chemical Company, Memphis,
Tennessee) were utilized and applied at 204 and 224 grams active ingredient per hectare (g ai ha-
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1

), respectively (Table 1.1). For Experiment two, thiamethoxam (Centric 40 WG; Syngenta,

Basel, Switzerland) and sulfoxaflor (Transform WG; Corteva, Wilmington, Delaware) were
utilized and applied at 56 and 53 g ai ha-1, respectively (Table 1.1). Both experiments utilized
two carrier volumes: 140 and 280 liters per hectare (L ha-1), and two droplet sizes: 200 and 800
micrometers (µm).
A randomized complete block design was utilized, containing 4 replications of 10
treatment combinations which included a non-treated control and a season-long pest- and weedfree check (Table 1.1). All plots were then maintained weed and insect free for the remainder of
the growing season. However, within each experiment two additional factorial analyses were
performed which included dicamba + insecticide tank-mixture (Factor A) x carrier volume
(Factor B) and insecticide (Factor A) x spray droplet size (Factor B) (Table 1.2).
The intended spray droplet size for each treatment was obtained by choosing a
combination of spray nozzle (Wilger Industries, Lexington, Tennessee), nozzle flow rate, and
spray application pressure. The methods for this process were identical to those as described by
Creech et al. (2016) and Henry et al. (2014). The spray droplet spectrum for each pesticide
material at each carrier volume was evaluated using the low-speed wind tunnel (LSWT) at the
Precision Application Technology (PAT) Laboratory in North Platte, Nebraska. Elements in the
LSWT included a 7.5hp axial flow fan, an expansion chamber, a honeycomb straightener used to
produce laminar air flow, and eight 1.2m x 1.2m x 2.4m sections. A scrubber system and a 10
HP electric axial flow fan is attached to the terminal section for removing spray droplets and
vapors from the exhausted air.
The droplet spectrum for each treatment combination was analyzed using a Sympatec
HELOS-VARIO/KR laser diffraction system with the R7 lens (Sympatec Inc. Clausthal,
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Germany). The laser is controlled by WINDOX 5.7.0.0 software (Sympatec Inc. Clausthal,
Germany), which is operated on a computer adjacent to the wind tunnel. This lens is capable of
detecting droplets in a range from 9 – 3,700 µm. The laser consists of two main components: an
emitter housing containing the optical box and the source of the laser, and a receiver housing
containing the lens and the detector element. The two laser housings are separated by 1.2 meters
on each side of the wind tunnel and mounted on aluminum optical bench rail that is connected
underneath the wind tunnel to ensure proper laser alignment. The spray plume was oriented
perpendicular to the laser beam by means of a mechanical linear actuator. The actuator moves
the nozzle at a constant speed of 0.2 m s-1 such that the entire spray plume will pass through the
laser beam spaced 30 cm from the nozzle. Treatments in this study were compared using the
DV0.5 parameter, which represents the droplet size such that 50% of the spray volume is
contained in droplets of equal or smaller values, respectively. The spray classifications used in
this document reflect the reference curves created from reference nozzle data at the PAT Lab as
described by ASABE 572.1 (ASABE 2009).
Data collection for Experiment 1 included visual thrips injury ratings (1-5) at 3 and 7
days after treatment (DAT), where cotton with no perceptible thrips injury was given an injury
rating of 1; conversely, cotton that had sustained injury leading to plant death was given an
injury rating of 5. Thrips counts (immatures and adults) at 3, and 7 DAT were also obtained by
clipping 5 plants at the soil surface, which were then immediately transported to, washed, and
counted in a laboratory under a microscope. Data collection for Experiment 2 consisted of drop
cloth counts (two per plot) for tarnished plant bugs (immatures and adults) at 3 and 7 DAT.
Counts were obtained by placing a black drop cloth (0.96 m x 1m) on the soil surface between
two rows of cotton accounting for 1.8 row meters on beds spaced 97 cm apart. Cotton plants on
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each side of the drop cloth were then bent over the cloth and shaken vigorously for 10 seconds.
Finally, seed cotton yield was collected from the middle two rows of each plot using a spindle
picker modified for plot research. Data were subjected to analyses of variance using PROC
GLIMMIX in SAS© (SAS Institute Inc.; Cary, North Carolina) v9.4. Means were separated
using Fisher’s Protected LSD at an alpha-level of 0.05, and replication and year were considered
random effects.
Data were analyzed with and without the pest free control. For each analyses containing
the pest-free control, control observed with the pest-free control was significantly greater than all
other treatments. Insecticide applications to pest-free plots were made at rates and in intervals
that were off-label in an attempt to suppress pest-populations to near-zero. Furthermore, when
the pest-free control was omitted from the analyses, p-values and letter groupings among
treatments were consistently different from when this treatment was included in the analyses.
The pest-free control treatment was included for comparison purposes and was not intended to be
a treatment of value when the objective is a systems approach to insect management. Therefore,
the pest-free control was not included in the statistical analyses for either study.
1.4

Results and Discussion

1.4.1

Thrips control

1.4.1.1

Visual cotton damage

At both 3, and 7 days after treatment (DAT), visual thrips injury ratings varied due to
treatment (p ≤ .0001; Table 1.3). At 3 DAT, the non-treated control resulted in a visual injury
rating of 3.5, but was similar to dicamba + dimethoate applied at a carrier volume of 280 L ha-1
with 800 µm spray droplets which resulted in a visual injury rating of 3.1 (Table 1.3).
Conversely, acephate applied at a carrier volume of 140 L ha-1 with 200 µm or 800 µm spray
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droplets, or dimethoate applied at a carrier volume of 140 L ha-1 with 200 µm spray droplets
each resulted in a visual injury rating of 2.3 (Table 1.3).
At 7 DAT, the non-treated control resulted in a visual injury rating of 3.0 and 3.8,
respectively, and were significantly greater than all other treatments; however, visual injury
ratings among plots that received a spray application treatment were not significantly different
(Table 1.3).
These data indicate that at 3, and 7 DAT, all treatments resulted in lower visual thrips
injury ratings relative to the non-treated control. Additionally, application of acephate with 200
or 800 µm spray droplets or dimethoate with 200 µm spray droplets applied at 140 L ha-1 resulted
in the lowest injury rating at 3 DAT. However, similar injury ratings were obtained following
application of dicamba + acephate at 140 or 280 L ha-1 with 800 µm spray droplets, or
dimethoate at 140 L ha-1 with 800 µm spray droplets.
At 3 DAT visual thrips injury ratings varied due to insecticide tank-mixture (p = 0.021;
Table 1.4). Pooled over carrier volume, dicamba + acephate resulted in a visual injury rating of
2.7 while dicamba + dimethoate resulted in a visual injury rating of 3.0 (Table 1.4). At 7 DAT,
visual thrips injury ratings did not vary due to insecticide, spray droplet size, or insecticide x
spray droplet size (Table 1.4). These data indicate that when applied as a tank-mixture with
dicamba, acephate resulted in a lower visual thrips injury rating than dimethoate.
1.4.1.2

Thrips counts

Adult thrips (per 5 plants) varied due to treatment at 1, 3, and 7 DAT (p < 0.0001; Table
1.5). At 1, 3, and 7 DAT, 18, 24, and 15 adult thrips, respectively, were obtained in the nontreated control, and were significantly greater than all other treatments. However, at all three
evaluation timings, adult thrips did not vary among other treatments (Table 1.5).
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Immature thrips (per 5 plants) varied due to treatment at 3 and 7 DAT (p < 0.0001; Table
1.5). At 3 DAT, immature thrips varied due to treatment (p < 0.0001; Table 1.5). At 3 DAT, 78
immature thrips were obtained in the non-treated control, and was significantly greater than all
other treatments. However, immature thrips did not vary among other treatments (Table 1.5).
At 7 DAT, 76 immature thrips were obtained in the non-treated control and was
significantly greater than all other treatments (Table 1.5). Conversely, application of dicamba +
acephate at a carrier volume of 280 L ha-1 with 800 µm spray droplets resulted in 31 immature
thrips, and was similar to numbers obtained following application of dicamba + dimethoate at
140 L ha-1 with 800 µm spray droplets (37), acephate at 200 (35) and 800 (47) µm spray droplets,
or dimethoate at 200 (38) or 800 (43) µm spray droplets when applied at 140 L ha-1.
These data indicate that at 3 and 7 DAT, all treatments reduced both adult and immature
thrips numbers relative to the non-treated control; however, control of adult thrips at 3 and 7
DAT, and immature thrips at 3 DAT did not vary among spray application treatments.
Furthermore, these data indicate that at 7 DAT, dicamba + acephate applied at a carrier volume
of 280 L ha-1 with 800 µm spray droplets was the most efficacious treatment option to control
immature thrips.
At 3 and 7 DAT, adult and immature thrips (per 5 plants) did not vary due to insecticide
or spray droplet size (Table 1.6). At 3 DAT, adult thrips varied due to insecticide tank-mixture
(p = 0.0459; Table 1.6). Pooled over carrier volume, application of dicamba + dimethoate
resulted in 13 adult thrips while application of dicamba + acephate resulted in 10 adult thrips
(Table 1.6). At 3 DAT, immature thrips varied due to insecticide tank-mixture (p = 0.0457;
Table 1.6). Pooled over carrier volume, application of dicamba + dimethoate resulted in 48
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immature thrips while application of dicamba + acephate resulted in 41 immature thrips (table
1.6).
At 7 DAT, immature thrips varied due to an insecticide tank-mixture x carrier volume
interaction (p = 0.0002; Table 1.6). Application of dicamba + acephate at a carrier volume of
280 L ha-1 resulted in 31 immature thrips, but was similar to numbers obtained following
application of dicamba + dimethoate at 140 L ha-1 (37). Conversely, application of dicamba +
dimethoate at 280 L ha-1 resulted in 58 immature thrips, but was similar to numbers obtained
following application of dicamba + acephate at 140 L ha-1 (52).
These data indicate that efficacy did not vary due to insecticide or spray droplet size
when applied without dicamba. This conflicts with Robb and Parella (1995) who report
insecticide efficacy to be inversely related to spray droplet size. These data also indicate that
acephate resulted in greater control of adult thrips at 3 DAT, and immature thrips at both 1 and 3
DAT than dimethoate when each were applied with dicamba.
Finally, these data indicate that a carrier volume of 280 L ha-1 resulted in fewer immature
thrips 3 DAT than 140 L ha-1, and that application of dicamba + acephate at 280 L ha-1 resulted
in the least immature thrips 7 DAT. These results agree with Ugine (2007) who reported
insecticide efficacy to be positively correlated with carrier volume. Therefore, whether utilizing
a visual damage index or total numbers to evaluate thrips control, our results indicate that
acephate produced more immature thrips control than dimethoate when each were applied as a
tank-mixture with dicamba, and that 280 L ha-1 controlled immature thrips more than 140 L ha-1.
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1.4.1.3

Thrips seedcotton yield

Seedcotton yield did not vary due to treatment, insecticide, spray droplet size, insecticide
tank-mixture, or carrier volume at p ≥ 0.05, and ranged from 2597 – 3074 Kg ha-1 (data not
shown).
1.4.2

Tarnished plant bug control

1.4.2.1 Drop cloth counts
Adult tarnished plant bugs (average of two 1.8 row-meter samples plot-1) varied due to
treatment at 3 (p = 0.0053) and 7 (p = 0.0256) DAT (Table 1.5). At both 3, and 7 DAT, an
average of two adult tarnished plant bugs were obtained the non-treated control and was
significantly greater than all other treatments; however, adult tarnished plant bugs among plots
that received a spray application treatment were not significantly different at either evaluation
interval (Table 1.5).
Immature tarnished plant bugs (average of two 1.8 row meter samples plot-1) varied due
to treatment at 3 and 7 DAT (p = < 0.0001; Table 1.5). At 3 DAT, application of dicamba +
thiamethoxam or sulfoxaflor applied at 280 L ha-1 with 800 µm spray droplets, or sulfoxaflor at
140 L ha-1 with 200 or 800 µm spray droplets resulted in ≤ 3 immature tarnished plant bugs
(Table 1.5). Conversely, application of dicamba + thiamethoxam or sulfoxaflor at 140 L ha-1
with 800 µm spray droplets and dicamba + thiamethoxam at 140 L ha-1 with 200 µm spray
droplets resulted in 5 immature tarnished plant bugs, and were not significantly different from
the non-treated control which resulted in 7 immature tarnished plant bugs at 3 DAT (Table 1.5).
At 7 DAT, application of sulfoxaflor at 140 L ha-1 with 800 µm spray droplets resulted in
3 immature tarnished plant bugs, and was similar to numbers obtained following application of
dicamba + sulfoxaflor at 140 and 280 L ha-1 with 800 µm spray droplets, and sulfoxaflor applied
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at 140 L ha-1 with 200 µm spray droplets, each resulting in 4 immature tarnished plant bugs
(Table 1.5). Conversely, application of dicamba + thiamethoxam at 280 L ha-1 with 800 µm
spray droplets resulted in 8 immature tarnished plant bugs, and was similar to numbers obtained
following application of dicamba + thiamethoxam at 140 L ha-1 with 800 µm spray droplets (7)
and dicamba + thiamethoxam at 140 L ha-1 with 200 (6) or 800 (6) µm spray droplets at 7 DAT
(Table 1.5). Finally, the non-treated control resulted 11 tarnished plant bugs and was
significantly greater than all other treatments.
These data indicate that sulfoxaflor applied at a carrier volume of 140 L ha-1 with 200 or
800 µm spray droplets, or thiamethoxam or sulfoxaflor applied with dicamba at 280 L ha-1 with
800 µm spray droplets resulted in the greatest level of immature tarnished plant bug control at 3
DAT. At 7 DAT, maximum efficacy was achieved following application of sulfoxaflor at 140 L
ha-1 with 800 µm spray droplets, but was similar to control achieved following application of
dicamba + sulfoxaflor at 140 or 280 L ha-1 with 800 µm spray droplets, and sulfoxaflor applied at
140 L ha-1 with 200 µm spray droplets.
Immature tarnished plant bugs (average of two 1.8 row meter samples plot-1) varied due
to insecticide at 3 (p = 0.0001) and 7 (p = 0.004) DAT (Table 1.7). When pooled over spray
droplet size, application of sulfoxaflor resulted in 2 and 4 immature tarnished plant bugs at 3 and
7 DAT, respectively, while application of thiamethoxam resulted in 5 and 6 immature tarnished
plant bugs, respectively (Table 1.7).
Additionally, At 3 DAT, immature tarnished plant bugs varied due to carrier volume at 3
DAT (p = < 0.0001) and insecticide tank-mixture at 7 DAT (p = < 0.0001) (Table 1.7). Pooled
over insecticide tank-mixture, applications at 280 L ha-1 resulted in 2 immature tarnished plant
bugs while applications of 140 L ha-1 resulted in 5 (Table 1.7). Finally, when pooled over
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insecticide tank-mixture, application of dicamba + sulfoxaflor resulted in 4 immature tarnished
plant bugs while application of dicamba + thiamethoxam resulted in 8 (Table 1.7).
Factorial analyses revealed that application of sulfoxaflor resulted in fewer immature
tarnished plant bugs than thiamethoxam at both 3 and 7 DAT. Furthermore, application at 280 L
ha-1 resulted in fewer immature tarnished plant bugs 3 DAT than 140 L ha-1. Finally, when
applied with dicamba, sulfoxaflor resulted fewer immature tarnished plant bugs than
thiamethoxam at 7 DAT.
However, these data indicate that immature tarnished plant bug control did not vary due
to spray droplet size. This conflicts with Robb and Parella (1995) who report insecticide efficacy
to be negatively correlated with spray droplet size. Additionally, our data indicate that immature
tarnished plant bug control was positively correlated with carrier volume, and therefore, agrees
with Ugine (2007).
1.4.2.2 Tarnished plant bug seedcotton yield
Seedcotton yield did not vary due to treatment, insecticide, pray droplet size, insecticide
tank-mixture, or carrier volume and ranged from 4108 – 4326 Kg ha-1 (data not shown).
1.5

Conclusion
The objective of this research was to evaluate the impact of carrier volume and spray

droplet size on various dicamba + insecticide tank-mixtures to control thrips and tarnished plant
bugs in dicamba-tolerant cotton production systems. Our results indicate dicamba negatively
impacted the efficacy of dimethoate to control thrips and thiamethoxam to control tarnished plant
bugs. Consequently, for thrips and tarnished plant bug control, we conclude that acephate and
sulfoxaflor are superior dicamba tank-mixture partners as compared to dimethoate and
thiamethoxam, respectively. Additionally, higher carrier volumes should be utilized with these
16

applications to maintain and even maximize control of these pests. Therefore, we conclude that
when applied with dicamba, acephate and sulfoxaflor have utility in dicamba-tolerant cotton
production systems to control thrips and tarnished plant bugs, respectively.
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Table 1.1

Treatment combinations for thrips and tarnished plant bug control when applied with dicamba.

Active Ingredient

Formulated Product Application Rate

Carrier Volume
L ha-1

Droplet Size
µm

Nozzlea

Experiment 1 – Thrips control
dicamba
XtendiMax
560 g ae ha-1
140
800
UR11006
acephate
Acephate 97 UP
204 g ai ha-1
dicamba
XtendiMax
560 g ae ha-1
140
800
UR11008
dimethoate
Dimethoate 4EC
224 g ai ha-1
dicamba
XtendiMax
560 g ae ha-1
280
800
UR11006
-1
acephate
Acephate 97 UP
204 g ai ha
dicamba
XtendiMax
560 g ae ha-1
280
800
UR11006
-1
dimethoate
Dimethoate 4EC
224 g ai ha
acephate
Acephate 97 UP
204 g ai ha-1
140
200
ER110025
-1
acephate
Acephate 97 UP
204 g ai ha
140
800
UR11006
dimethoate
Dimethoate 4EC
224 g ai ha-1
140
200
ER110015
dimethoate
Dimethoate 4EC
224 g ai ha-1
140
800
UR11008
Experiment 2 – Tarnished plant bug control
dicamba
XtendiMax
560 g ae ha-1
140
800
UR11006
thiamethoxam
Centric 40WG
56 g ai ha-1
dicamba
XtendiMax
560 g ae ha-1
140
800
UR11006
-1
sulfloxaflor
Transform WG
53 g ai ha
dicamba
XtendiMax
560 g ae ha-1
280
800
UR11006
-1
thiamethoxam
Centric 40WG
56 g ai ha
dicamba
XtendiMax
560 g ae ha-1
280
800
UR11006
-1
sulfloxaflor
Transform WG
53 g ai ha
thiamethoxam
Centric 40WG
56 g ai ha-1
140
200
ER11002
-1
thiamethoxam
Centric 40WG
56 g ai ha
140
800
UR11004
sulfloxaflor
Transform WG
53 g ai ha-1
140
200
ER11002
sulfloxaflor
Transform WG
53 g ai ha-1
140
800
UR11006
a
All nozzles utilized in this study were Wilger Industries (Wilger Industries, Lexington, Tennessee.

18

Application Pressure
kPa
345
345
345
255
345
345
262
345
379
337
386
344
310
248
276
338

Table 1.2

Factorial analyses of insecticide tank-mixture and carrier volume, and insecticide and spray droplet size.

Experiment 1 – Thrips control
Dicambaa + insecticide tank-mixture
dicamba + acephate

Carrier Volume
140 L ha-1
280 L ha-1
140 L ha-1
280 L ha-1
Droplet Size
200 µm
800 µm
200 µm
800 µm

dicamba + dimethoate
Insecticide
acephate
dimethoate
Experiment 2 – Tarnished plant bug control
Dicambaa + insecticide tank-mixture
dicamba + thiamethoxam

Carrier Volume
140 L ha-1
280 L ha-1
140 L ha-1
280 L ha-1
Droplet Size
200 µm
800 µm
200 µm
800 µm

dicamba + sulfoxaflor
Insecticide
thiamethoxam
sulfoxaflor
a

All treatments containing dicamba were applied with 800 µm spray droplets.

19

Table 1.3
Herbicide
dicamba
dicamba
dicamba
dicamba
none
none
none
none
non-treated

Thrips cotton injury rating evaluated visually at 3 and 7 DAT.
Insecticide
acephate
dimethoate
acephate
dimethoate
acephate
acephate
dimethoate
dimethoate
non-treated

Carrier Volume
L ha-1
140
140
280
280
140
140
140
140
-

a

Droplet Size
µm
800
800
800
800
200
800
200
800
p valueb

Injury Ratinga
3 DATd
7 DATd
2.8 bc
2.6 b
3.0 b
2.8 b
2.7 bc
2.9 b
3.1 ab
3.0 b
2.3 c
2.9 b
2.5 c
2.9 b
2.5 c
2.7 b
2.8 bc
2.6 b
3.5 a
3.8 a
< .0001
< .0001

Rating scale: 1-5.
Data were pooled over years 2018 – 2020.
d
Means within each column with the same letter are not significantly different at p ≥ 0.05.
b
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Table 1.4

Thrips injury ratings evaluated visually at 3 and 7 DAT.
3 DAT

Effect
Insecticide
Droplet Size
Insecticide * Droplet Size
Insecticide Tank-mixture
Carrier Volume
Insecticide Tank-mixture* Carrier Volume

a

7 DAT

p values
0.2320
0.8190
0.2320
0.8190
0.8090
0.8190
0.0210
0.0824
1.000
0.4500
0.5510
0.4500
Injury Ratingbc
2.7 b
2.6
3.0 a
2.9

dicamba + acephate
dicamba + dimethoate
a
Data was pooled across years 2018 – 2020.
b
Rating scale: 1-5.
c
Means within each column with the same letter are not significantly different at p ≥ 0.05.
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Table 1.5

Average number of thrips per five plants and tarnished plant bugs per two drops at 3 and 7 DAT.

Carrier Volume
L ha-1
Experiment 1 – Thrips control

Herbicide

dicamba
dicamba
dicamba
dicamba
none
none
none
none
non-treated

Insecticide

acephate
dimethoate
acephate
dimethoate
acephate
acephate
dimethoate
dimethoate
non-treated

140
140
280
280
140
140
140
140
-

Droplet Size
µm
800
800
800
800
200
800
200
800
p valuesa

3 DAT
Immature
Adult

7 DAT
Immature
Adult

43 b
44 b
39 b
53 b
38 b
46 b
53 b
43 b
78 a
< 0.0001

Thripsc
10 b
52 bc
13 b
37 cd
10 b
31 d
17 b
58 b
8b
35 cd
9b
47 bcd
11 b
38 cd
12 b
43 bcd
24 a
76 a
< 0.0001
< 0.0001

9b
6b
8b
7b
6b
8b
8b
8b
15 a
< 0.0001

5 ab
5 ab
2c
3c
5 ab
4b
2c
2c
7 ab
< 0.0001

Tarnished plant bugsc
1b
7 bc
1b
4 def
1b
8b
1b
4 def
1b
6 bc
1b
6 bc
1b
4 def
1b
3f
2a
11 a
0.0053
< .0001

1b
1b
1b
1b
1b
1b
1b
1b
2a
0.0256

Experiment 2 – Tarnished plant bug controlb
dicamba
dicamba
dicamba
dicamba
none
none
none
none
non-treated

thiamethoxam
sulfoxaflor
thiamethoxam
sulfoxaflor
thiamethoxam
thiamethoxam
sulfoxaflor
sulfoxaflor
non-treated

140
140
280
280
140
140
140
140
-

800
800
800
800
200
800
200
800
p valuesa

a

Data was pooled across years 2018 – 2020.
Average of two 1.8 row-meter samples.
c
Means within each column with the same letter are not significantly different at p ≥ 0.05.
b
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Table 1.6

Average number of thrips per five plants at 3 and 7 DAT.
3 DAT
Immature
Adult
Effect

Insecticide
Droplet Size
Insecticide * Spray Droplet Size

0.2050
0.7430
0.0650

acephate
dimethoate
200 µm
800 µm

42
48
35
38

Insecticide Tank-mixture
Carrier Volume
Insecticide Tank-mixture* Carrier Volume

0.0457
0.4830
0.0945

7 DAT
Immature
Adult
p valuesa
0.0514
0.9530
0.1550
0.2770
0.0570
0.2360
0.6130
0.4330
0.2360
Thripsb
9
41
7
11
41
8
9
37
7
10
45
8
p valuesa
0.0459
0.3410
0.1800
0.8314
0.9730
0.9460
0.8314
0.0020
0.3450
Thripsb
10 a
9
42
13 b
7
48
11
45
8
12
45
8
10
52 ab
9
10
31 c
8
13
37 bc
6
14
58 a
7

dicamba + acephate
41 b
dicamba + dimethoate
48 a
140 L ha-1
43 a
-1
280 L ha
46 a
140 L ha-1
43 ab
dicamba + acephate
-1
280 L ha
39 b
140 L ha-1
44 ab
dicamba + dimethoate
-1
280 L ha
53 a
a
Data was pooled across years 2018 – 2020.
b
Means within each column with the same letter are not significantly different at p ≥ 0.05.
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Table 1.7

Average number of tarnished plant bugs per two drops at 3 and 7 DAT.
3 DAT
Immature
Adult

Effect
Insecticide
Droplet Size
Insecticide * Spray Droplet Size

0.0001
0.8289
0.8289

thiamethoxam
sulfoxaflor

5a
2b

Insecticide Tank-mixture
Carrier Volume
Insecticide Tank-mixture * Carrier Volume

0.4440
< 0.0001
1.0000

Immature
p valuesa
0.2822
0.0040
0.0766
0.8777
0.2822
0.3326
Tarnished plant bugsbc
1
6a
1
4b
p valuesa
0.1070
< 0.0001
0.2588
0.4725
1.0000
0.4725
Tarnished plant bugsbc
1
8a
1
4b
1
6
1
6

dicamba + thiamethoxam
4
dicamba + sulfoxaflor
4
140L ha-1
5a
-1
280 L ha
2b
a
Data was pooled across years 2018 – 2020.
b
Average of two 1.8 row-meter samples.
c
Means within each column with the same letter are not significantly different at p ≥ 0.05.
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7 DAT
Adult
1.0000
0.7720
0.3867
1
1
0.7045
0.1341
0.1341
1
1
1
1

CHAPTER II
PALMER AMARANTH (AMARANTHUS PALMERI) CONTROL IN
DICAMBA TOLERANT COTTON (GOSSYPIUM HIRSUTUM) WHEN APPLIED WITH
VARIOUS DICAMBA + INSECTICIDE TANK-MIXTURES
2.1

Abstract
Postemergence (POST) herbicide applications for Palmer amaranth often coincide with

foliar insecticide applications for common insect pests of cotton throughout the growing season.
Combining multiple pesticide materials into a single application would serve as a means to
increase application efficiency while simultaneously reducing overall application cost. While
multiple foliar insecticides for insect control are now labeled for various dicamba + insecticide
tank-mixtures, there is a paucity of data with respect to the efficacy of dicamba to control Palmer
amaranth when applied with these insecticides. Our results show Palmer amaranth control and
seedcotton yield were both negatively impacted by the addition of dimethoate to the spray
application. As such, early postemergence applications of dicamba to control Palmer amaranth
should not include dimethoate. Conversely, our data show neither thiamethoxam nor sulfoxaflor
impacted Palmer amaranth control when applied pre-bloom. Therefore, we conclude that
multiple dicamba + acephate, thiamethoxam, or sulfoxaflor tank-mixtures provide similar control
of Palmer amaranth when compared to dicamba applied alone.
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2.2
2.2.1

Introduction
Palmer amaranth
Palmer amaranth (Amaranthus palmeri, S. Wats) is one of the most troublesome weed

species throughout the southeastern United States (Ward et al. 2013). In 2009, Palmer amaranth
was ranked as the single most troublesome weed in cotton production systems (Webster and
Nichols 2012), and is currently one of the most economically damaging glyphosate-resistant
weed species in the United States (Beckie 2006). Biologically, Palmer amaranth is a competitive
and opportunistic species characterized by rapid germination and growth, and is capable of
proliferous seed production (Ward et al. 2013).
Palmer amaranth possesses an impressive capacity to develop resistance to multiple
herbicides (Ward et al. 2013) with documented resistance to a total of six herbicide modes of
action (MOA) to date including: dinitroanilines, triazines, acetolactate synthase (ALS),
glyphosate, HPPD, and PPO inhibitors (Heap 2021). Additionally, certain Palmer amaranth
biotypes possess resistance to multiple MOAs (Burgos et al. 2001; Culpepper et al. 2006;
Gaeddert et al. 1997; Heap 2021; Horak and Peterson 1995; Norsworthy et al. 2008; Sosnoskie
et al. 2011; Sprague et al. 1997; Steckel et al. 2008; Thompson et al. 2012; Wise et al. 2009). In
Mississippi, Palmer amaranth biotypes resistant to group 14 (protoporphyrinogen oxidase; PPO),
3 (microtubule inhibitors), 9 (acetolactate synthase; ALS), 2 (5-enolpyruvylshikimate-3-phospate
synthase; EPSPS), and biotypes that are cross resistant to glyphosate, ALS, and PPO herbicides
limit options available to producers after crop emergence. Prior to 2017, glufosinate was the
only option available to producers for control of multiple-resistant Palmer amaranth after crop
emergence. However, with the introduction of Roundup Ready Xtend® (Bayer, Leverkusen,
Germany) and Enlist® (Corteva Agriscience, Wilmington, Delaware) cotton varieties, dicamba
and 2,4-D and are now federal- and state-labelled options for Palmer amaranth control. Effective
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POST control options for glyphosate- and multiple-resistant Palmer amaranth are available;
however, selection pressure against these limited options persists.
2.2.2

Precision application factors
The application and subsequent efficacy of pesticides in agriculture production systems is

a complex process and involves a series of factors that dynamically effect pesticide application
efficacy. These factors include droplet formation at the nozzle orifice, transport from the nozzle
to the plant surface, leaf impaction and retention, deposition, plant uptake, and plant biological
response (Brazee et al. 1991; Ebert and Downer 2008; Merritt et al. 1989; and Reichard 1988).
Additionally, active ingredient (Creech et al. 2016; Knoche 1994; Meyer et al. 2015),
spray nozzle (Berger et al. 2014; Etheridge et al. 2001; Johnson et al. 2006; Klein et al. 2009;
Miller and Ellis 2000; Nuyttens et al. 2007; van de Zande et al. 2002; Yates et al. 1985),
application pressure (Creech et al. 2015; Nuyttens et al. 2007;), and carrier volume (Berger et al.
2014; Knoche 1994; Reed and Smith 2001; Shaw et al. 2000; Whisenant et al. 1993) all affect
the characteristics of spray droplets themselves.
Nozzles utilized in agriculture production systems commonly produce spray droplets
ranging in size from 10 to greater than 1000 micrometers (µm) (Bouse et al. 1990), with droplets
< 150 µm (Yates et al. 1985) and 200 µm (Etheridge et al. 2001) classified as droplets with a
propensity to drift off-site. Smaller spray droplets with a lower kinetic energy result in greater
spray droplet retention on the leaf surface relative to larger droplets. Consequently, larger spray
droplets with higher kinetic energy are poorly retained on the leaf surface and yield minimal
coverage of leaf surface tissue (Spillman 1984, Forster et al. 2005).
While smaller droplets maximize target coverage and spray droplet retention, larger spray
droplets minimize off-target movement and agrichemical transport. Therefore, pesticide
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application factors that maximize pesticide application efficacy and minimize off-target pesticide
movement are often incongruous elements.
2.2.3

Impact of carrier volume and spray droplet size on herbicide efficacy
Optimal herbicide efficacy is a function of target coverage and or interception, and

chemical deposition, retention, and absorption of the material applied. For herbicide
applications, size of the spray droplet spectra is of unique importance to overall application
efficacy due to its impact on spray droplet deposition and drift (Maybank et al. 1978; Hewitt
2000; Taylor et al. 2004 Whisenant et al. 1993; Yates et al. 1976). Furthermore, there is an
inverse relationship between spray droplet size and herbicide efficacy (Creech et al. 2015; Henry
et al. 2014; Knoche 1994).
Specifically, a meta-analyses on herbicide efficacy x spray droplet size revealed that in
71% of experiments, herbicide efficacy was observed to increase as droplet size decreased
(Knoche 1994). Creech et al. (2016) report that spray droplet sizes of < 300µm and > 750µm
optimize herbicide efficacy for contact and systemic chemistries, respectively. Conversely, (with
the exception of glyphosate) there is generally a positive relationship between carrier volume and
herbicide efficacy (Knoche 1994). Consequently, these data indicate that specific carrier volume
and droplet size effects on herbicide efficacy likely vary across herbicides and their intended
objective, and as a function of their mode of action.
2.2.4

Research objectives
In Mid-Southern and Southeastern cotton production systems, postemergence herbicide

applications for Palmer amaranth control often coincide with foliar insecticide applications for
various insect pests throughout the growing season. Combining multiple pesticide materials into
a single application would serve as a means to increase application efficiency while
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simultaneously reducing overall application cost. However, as selection pressure persists and
increases on remaining options for glyphosate-, PPO-, and ALS-resistant Palmer amaranth, any
decrease in efficacy due to dicamba + insecticide antagonism is categorically unacceptable to
producers. Therefore, pesticide application factors that maintain or maximize pesticide efficacy
are required.
Multiple foliar applied insecticides for insect control are now labeled for dicamba tankmixtures. However, there is a paucity of data with respect to the efficacy of these insecticides
when applied with dicamba to control Palmer amaranth. Consequently, the efficacy of dicamba
to control Palmer amaranth when applied with these insecticides is unknown. Therefore, the
objective of this research was to evaluate the impact of carrier volume and insecticide on the
efficacy of dicamba to control Palmer amaranth when applied with various insecticides for both
thrips and tarnished plant bug control in cotton production systems. If efficacious, a single-pass
application would serve as a means to increase overall pesticide application efficiency.
2.3

Materials and Methods
A pair of field experiments was conducted during 2018, 2019, and 2020 to evaluate the

effect of carrier volume and insecticide on Palmer amaranth control when tank-mixed with
dicamba (XtendiMaxTM with VaporGripTM; Bayer, Leverkusen, Germany) in XtendFlex™
upland cotton production systems. Both experiments consisted of a single field location: Hood
Farms in Dundee, Mississippi. In each experiment, four row plots were planted to DP 1646
B2XF (Bayer, Leverkusen, Germany) at a population of 108,726 seed ha-1. No at-planting or inseason pre emergence herbicide was utilized in order to ensure adequate Palmer amaranth
populations at the desired application timing.
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For Experiment one, the objective was to evaluate Palmer amaranth control when applied
with various insecticides utilized for foliar thrips control. Applications were made to ~ 4 -lf.
cotton when Palmer amaranth reached a height of 6 cm. For Experiment two, the objective was
to evaluate Palmer amaranth control when applied with various insecticides utilized for tarnished
plant bug control. Therefore, applications were initiated when Palmer amaranth reached a height
of 6 cm immediately prior to bloom. Plot dimensions for Experiment one were 3.9m x 9.14m,
and 3.9m x 15.24m for Experiment two.
Applications were made using a Capstan Ag Systems (Topeka, Kansas) Pinpoint PulseWidth Modulation (PWM®) sprayer on a Bowman MudMaster (Bowman Manufacturing,
Newport, Arkansas) traveling at a ground speed of 14.5 kilometers per hour (km hour-1). In a
PWM® system, flow and output is controlled by the relative proportion of time that each
electronically actuated solenoid valve is open, and is referred to as the duty cycle (Giles and
Comino 1989). The duty cycle of a PWM® sprayer is documented as having minimal effects on
the spray droplet size of the emitted droplet spectra when compared to conventional pressure
regulated systems (Creech et al. 2015), and is therefore uniquely suited for both pesticide
application research and minimizing pesticide drift.
In both experiments, a single formulation of dicamba (XtendiMaxTM with VaporGripTM)
was applied at 560 grams acid equivalent per hectare (g ae ha-1) (Table 2.1). For experiment one,
acephate (Acephate 97UP; United Phosphorus, Inc.; King of Prussia, Penssylvania) and
dimethoate (Dimethoate 4 EC; Drexel Chemical Company, Memphis, Tennessee) were applied
at 204 and 224 grams active ingredient per hectare (g ai ha-1), respectively (Table 2.1). For
experiment 2, thiamethoxam (Centric 40 WG; Syngenta, Basel, Switzerland) and sulfoxaflor
(Transform WG; Corteva, Wilmington, Delaware) applied at 56 and 53 g ai ha-1, respectively
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(Table 2.1). Both experiments utilized two carrier volumes: 140 and 280 liters per hectare (L
ha-1) and a single spray droplet size: 800 micrometers (µm).
Dicamba was applied alone and in combination with insecticides. A non-treated and
weed-free control were included in this study for comparison purposes. A randomized complete
block (RCB) design was utilized and contained four replications of seven treatment combinations
which included a non-treated control and a season-long pest- and weed-free check. All plots
were maintained weed and insect free after herbicide or herbicide + insecticide application.
However, within each experiment an additional factorial arrangement of treatments (FAT)
analyses was performed which included dicamba + insecticide tank-mixture (Factor A) x carrier
volume (Factor B) were fully crossed.
The intended spray droplet size for each treatment was obtained by choosing a
combination of spray nozzle (Wilger Industries, Lexington, Tennessee), nozzle flow rate, and
spray application pressure. The methods for this process were identical to those as described by
Creech et al. (2016) and Henry et al. (2014). The spray droplet spectrum for each pesticide
material at each carrier volume was evaluated using the low-speed wind tunnel (LSWT) at the
Precision Application Technology (PAT) Laboratory in North Platte, Nebraska. Elements in the
LSWT include a 7.5hp axial flow fan, an expansion chamber, a honeycomb straightener use to
produce laminar air flow, and eight 1.2m x 1.2m x 2.4m sections. A scrubber system and a 10
HP electric axial flow fan is attached to the terminal section for removing spray droplets and
vapors from the exhausted air.
The droplet spectrum for each treatment combination was analyzed using a Sympatec
HELOS-VARIO/KR laser diffraction system with the R7 lens (Sympatec Inc.; Clausthal,
Germany). The laser is controlled by WINDOX 5.7.0.0 software (Sympatec Inc.; Clausthal,
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Germany), which is operated on a computer adjacent to the wind tunnel. This lens is capable of
detecting droplets in a range from 9 – 3,700 µm. The laser consists of two main components: an
emitter housing containing the optical box and the source of the laser, and a receiver housing
containing the lens and the detector element. The two laser housings are separated by 1.2 meters
on each side of the wind tunnel and mounted on aluminum optical bench rail that is connected
underneath the wind tunnel to ensure proper laser alignment. The spray plume was oriented
perpendicular to the laser beam by means of a mechanical linear actuator. The actuator moves
the nozzle at a constant speed of 0.2 m s-1 such that the entire spray plume will pass through the
laser beam spaced 30 cm from the nozzle. Treatments in this study were compared using the
DV0.5 parameter, which represents the droplet size such that 50% of the spray volume is
contained in droplets of equal or smaller values, respectively. The spray classifications used in
this document reflect the reference curves created from reference nozzle data at the PAT Lab as
described by ASABE 572.1 (ASABE 2009).
Data collection for both experiments included visual Palmer amaranth control (0 – 100%)
at 7, 14, 21, and 28 days after treatment (DAT). Visual Palmer amaranth control for the nontreated and weed-free controls were always rated at 0 and 100%, respectively. Visual Palmer
amaranth control (Tables 2.2, 2.3, 2.6, 2.7) for all other plots was rated with respect to both
controls, and was obtained by the following equation:
Percent control = CNT + CTRT*CWF
where:

CNT is Palmer amaranth control observed in the non-treated control (0).
CTRT is Palmer amaranth control observed following application.
CWF is Palmer amaranth control observed in the weed-free control (100).

32

For each analyses containing the positive (weed-free) and negative (non-treated) controls,
efficacy achieved always significantly different than all other treatments. Furthermore, when the
controls were omitted from the analyses, p-values and mean separation across treatments were
consistently different from when the controls were included. The weed-free and non-treated
controls were included in these experiments for visual comparison purposes only. Therefore,
these treatments were removed from the data set prior to statistical analyses.
Finally, seedcotton yield was collected from the middle 2 rows of each plot using a
spindle picker modified for plot research. Data for each experiment was then normalized to the
non-treated control within each replication. Data were subjected to analyses of variance using
PROC GLIMMIX in SAS© (SAS Institute Inc.; Cary, North Carolina) v9.4. Means were
separated using Fisher’s Protected LSD at an alpha-level of 0.05, and replication and year were
considered random effects.
2.4

Results and Discussion

2.4.1

4 lf. cotton application

2.4.1.1

Palmer amaranth control

Palmer amaranth control 7 DAT varied due to treatment (p = 0.0020; Table 2.2).
Dicamba applied alone at a carrier volume of 140 L ha-1 or as a tank-mixture with acephate at
140 or 280 L ha-1 resulted in Palmer amaranth control of 78 - 82%. Conversely, dicamba applied
with dimethoate at a carrier volume of either 140 or 187 L ha-1 resulted in Palmer amaranth
control 70 - 71%. Palmer amaranth control did not vary due to treatment at 14, 21, or 28 DAT
and ranged from 69 to 89% (Table 2.2).
These data indicate that Palmer amaranth control 7 DAT was maximized when dicamba
was applied alone at a carrier volume of 140 L ha-1 or with acephate at either 140 or 280 L ha-1.
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Conversely, independent of carrier volume, application of dicamba + dimethoate resulted in the
least Palmer amaranth control observed. Consequently, these data indicate that independent of
carrier volume, a dicamba + dimethoate tank-mixture resulted in less Palmer amaranth control
than dicamba + acephate 7 DAT.
Palmer amaranth control 7 DAT also varied due to insecticide tank-mixture (p = 0.0073;
Table 2.3). Pooled over carrier volume, application of dicamba + acephate resulted in 78%
Palmer amaranth control, an increase of 8% more than following application of dicamba +
dimethoate (Table 2.3). Palmer amaranth control 28 DAT varied due to an insecticide tankmixture x carrier volume interaction (p = 0.0313; Table 2.3). Dicamba + acephate applied at a
carrier volume of 280 L ha-1 resulted in 89% Palmer amaranth control, which was similar to that
observed following application of dicamba + dimethoate at 140 L ha-1 (76%) (Table 2.3).
Conversely, application of dicamba + acephate at either 140 or dicamba + dimethoate at 280 L
ha-1 resulted in 69 and 70% Palmer amaranth control, respectively, and were also similar to that
observed following application of dicamba + dimethoate at 280 L ha-1 (Table 2.3).
These data indicate application of dicamba + acephate resulted in greater Palmer
amaranth control at 7 DAT than following applications of dicamba + dimethoate. However,
these data indicate Palmer amaranth control did not vary due to carrier volume when dicamba
was applied with acephate and dimethoate, and therefore disagree with Knoche (1994) who
report herbicide efficacy to be positively correlated with carrier volume.
2.4.1.2

Seedcotton yield

Seedcotton yield varied due to treatment (p ≤ 0.0281; Table 2.4). Dicamba + acephate
applied at a carrier volume of 280 L ha-1 resulted in 3528 kg of seedcotton ha-1 and was similar
to that following application of dicamba with or without acephate at 140 L ha-1. Conversely, the
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non-treated control resulted in 2375 kg seedcotton ha-1, and was also similar to that observed
following applications of dicamba + dimethoate at either 140 (2663 kg ha-1) or 280 (2778 kg ha1

) L ha-1 (Table 2.4). Seedcotton yield also varied due to insecticide tank-mixture (p ≤ 0.0194;

Table 2.5). Pooled over carrier volume, application of dicamba + acephate resulted in 3288 kg
seedcotton ha-1, an increase of 273 kg seedcotton ha-1 more than following application of
dicamba + acephate.
2.4.2

Pre-bloom application

2.4.2.1

Palmer amaranth control

Palmer amaranth control at 14, 21, and 28 DAT varied due to treatment (p ≤ 0.0008;
Table 2.6). At 14 DAT, dicamba applied alone at a carrier volume of 140 L ha-1 resulted in 71%
Palmer amaranth control and was at least 6% less than all other treatments (Table 2.6).
At 21 DAT, dicamba applied alone at a carrier volume of 140 L ha-1 resulted in 79%
Palmer amaranth control and was at least 5% less than observed following all other treatments
with the exception of dicamba + sulfoxaflor applied at 280 L ha-1 (82%; Table 2.6). Conversely,
application of dicamba + thiamethoxam or sulfoxaflor at 140 L ha-1 or dicamba + thiamethoxam
at 280 L ha-1 resulted in similar Palmer amaranth control of 84 – 87% (Table 2.6).
Finally, at 28 DAT dicamba applied alone at a carrier volume of 140 L ha-1 resulted in
79% Palmer amaranth control and which was at least 6% less than all other treatments (Table
2.6). Conversely, application of dicamba + thiamethoxam at 280 L ha-1 resulted in 88% Palmer
amaranth control and was similar to that observed following application of dicamba + sulfoxaflor
at 140 and 280 L ha-1 (85%; Table 2.6).
To date, no research has reported synergistic effects on Palmer amaranth control when
thiamethoxam or sulfoxaflor were applied with dicamba versus dicamba being applied alone.
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Additional research is needed to evaluate and characterize any variations in Palmer amaranth
control with dicamba when various insecticides are added to the application. Consequently, our
data indicate that multiple dicamba + insecticide tank-mixture options are available that provide
similar control of Palmer amaranth when compared to dicamba applied alone.
Palmer amaranth control 7 DAT also varied due to carrier volume (p = 0.0285; Table 2.7).
Pooled over insecticide tank-mixture, a carrier volume of 280 L ha-1 resulted in 79% Palmer
amaranth control, an increase of 3% more than following applications at 140 L ha-1 (Table 2.7).
Palmer amaranth control 21 DAT also varied due to an insecticide tank-mixture x carrier
volume interaction (p = 0.0217; Table 2.7). Application of dicamba + thiamethoxam at 280 L
ha-1 resulted in 87% Palmer amaranth control, but was similar to that observed following
application of dicamba + thiamethoxam (84%) or dicamba + sulfoxaflor (87%) at 140 L ha-1
(Table 2.7). Conversely, application of dicamba + sulfoxaflor at 280 L ha-1 resulted in 83%
Palmer amaranth control, but was also similar to that observed following application of dicamba
+ thiamethoxam or dicamba + sulfoxaflor at 140 L ha-1. These data indicate that pooled over
insecticide tank-mixture, applications made at 280 L ha-1 resulted in greater Palmer amaranth
control 7 DAT relative to those made at 140 L ha-1. These data agree with Knoche (1994) who
report herbicide efficacy to be positively correlated with carrier volume.
2.4.2.2

Seedcotton yield

Seedcotton yield did not vary due to treatment, insecticide tank-mixture, or carrier
volume, and ranged from 2909 – 4347 kilograms ha-1 (data not shown).
2.5

Conclusion
Palmer amaranth control and seedcotton yield were both negatively impacted by the

addition of dimethoate to the spray application. As such, when evaluating concurrent
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postemergence control options for Palmer amaranth and thrips in early-season cotton production
systems, applications of dicamba to control Palmer amaranth should not include dimethoate.
Conversely, our data show neither thiamethoxam nor sulfoxaflor impacted Palmer amaranth
control or seedcotton yield when applied with dicamba pre-bloom. Therefore, we conclude
dicamba + acephate and dicamba + thiamethoxam or sulfoxaflor are efficacious options to
control of Palmer amaranth when compared to dicamba applied alone.
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Table 2.1

Treatment combinations for Palmer amaranth control when applied with insecticides for thrips and tarnished plant bug
control.

Active Ingredient

Formulated Product

Application Rate

Carrier Volume
L ha-1

Droplet Sizea
µm

Nozzle
Wilgerb

Experiment 1 - 4 lf. application
dicamba
XtendiMax
560 g ae ha-1
140
800
UR11006
-1
dicamba
XtendiMax
560 g ae ha
140
800
UR11006
acephate
Acephate 97 UP
204 g ai ha-1
dicamba
XtendiMAX
560 g ae ha-1
140
800
UR11008
-1
dimethoate
Dimethoate 4EC
224 g ai ha
dicamba
XtendiMax
560 g ae ha-1
280
800
UR11006
-1
acephate
Acephate 97 UP
204 g ai ha
dicamba
XtendiMax
560 g ae ha-1
280
800
UR11006
-1
dimethoate
Dimethoate 4EC
224 g ai ha
Experiment 2 – Pre-bloom application
dicamba
XtendiMax
560 g ae ha-1
140
800
UR11006
dicamba
XtendiMax
560 g ae ha-1
140
800
UR11006
-1
thiamethoxam
Centric 40WG
56 g ai ha
dicamba
XtendiMax
560 g ae ha-1
140
800
UR11006
sulfoxaflor
Transform WG
53 g ai ha-1
dicamba
XtendiMax
560 g ae ha-1
280
800
UR11006
thiamethoxam
Centric 40WG
56 g ai ha-1
dicamba
XtendiMax
560 g ae ha-1
280
800
UR11006
sulfoxaflor
Transform WG
53 g ai ha-1
a
All nozzles utilized in this study were Wilger Industries (Wilger Industries, Lexington, Tennessee).
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Application Pressure
kPa
338
345
345
345
255
337
379
338
386
345

Table 2.2

Palmer amaranth control following application of dicamba + acephate and dicamba + dimethoate at 140 and 280 L ha-1.

Herbicideb

Insecticideb

dicamba
dicamba
dicamba
dicamba
dicamba

none
acephate
dimethoate
acephate
dimethoate

Carrier Volumeb
L ha-1
140
140
140
280
280

Droplet Sizeb
µm
800
800
800
800
800
p valuea

7 DAT
82 a
78 a
71 b
80 a
70 b
0.0020

a

14 DAT
21 DAT
Percent controlcd
77
76
72
70
73
76
80
86
74
69
0.2076
0.2097

Data were pooled across years 2018 - 2020.
Application initiated at 4-lf cotton and 10 cm Palmer amaranth.
c
Evaluated as percent control (0 – 100%) relative to non-treated and weed-free controls.
d
Means within each column with the same letter are not significantly different at p ≥ 0.05.
b
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28 DAT
76
69
76
89
70
0.1041

Table 2.3

Palmer amaranth control following application of dicamba + acephate and dicamba + dimethoate at 140 and 280 L ha-1.

Effect

7 DAT

14 DAT

21 DAT

28 DAT

a

p values
Insecticide Tank-mixture
0.0073
0.3070
0.3469
Carrier Volume
0.6582
0.1115
0.4702
Insecticide Tank-mixture * Carrier Volume
0.3779
0.2438
0.0540
Insecticide Tank-mixture
Percent controlcd
dicamba + acephate
78 a
76
78
dicamba + dimethoate
70 b
73
73
Insecticide Tank-mixture
Carrier Volume
Percent controlcd
-1
dicamba + acephate
140 L ha
76
72
70
-1
280 L ha
80
80
86
dicamba + dimethoate
140 L ha-1
71
73
76
-1
280 L ha
70
74
69
a
Data were pooled across years 2018 - 2020.
b
Application initiated at 4-lf cotton and 10 cm Palmer amaranth.
c
Evaluated as percent control (0 – 100%) relative to non-treated and weed-free controls.
d
Means within each column with the same letter are not significantly different at p ≥ 0.05.
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0.2843
0.2540
0.0313
79
73
69 b
89 a
76 ab
70 b

Table 2.4

Seedcotton yield following application of dicamba + acephate and dicamba + dimethoate at 140 and 280 L ha-1.

Herbicide
dicamba
dicamba
dicamba
dicamba
dicamba
non-treated

Insecticide
none
acephate
dimethoate
acephate
dimethoate
non-treated

Carrier Volume
L ha-1
140
140
140
280
280
-

a

Droplet Size
µm
800
800
800
800
800
p valuea

Data were pooled across years 2018 - 2020.
Means within each column with the same letter are not significantly different at p > 0.05.

b
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Seedcotton yield
kg ha-1b
3037 ab
3048 ab
2663 bc
3528 a
2788 bc
2375 c
0.0281

Table 2.5

Seedcotton yield following application of dicamba + acephate and dicamba + dimethoate at 140 and 280 L ha-1.

Effect
Insecticide Tank-mixture
Carrier Volume
Insecticide Tank-mixture * Carrier Volume
Insecticide Tank-mixture
dicamba + acephate
dicamba + dimethoate
Carrier Volume
140 L ha-1
280 L ha-1
Insecticide Tank-mixture
Carrier Volume
dicamba + acephate
140 L ha-1
280 L ha-1
dicamba + dimethoate
140 L ha-1
280 L ha-1
a
Data were pooled across years 2018 - 2020.
b
Means within each column with the same letter are not significantly different at p ≥ 0.05.
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p valuea
0.0194
0.1913
0.4391
kg ha-1b
3288 a
2725 b
kg ha-1b
3158
2855
kg ha-1b
3528
3048
2788
2663

Table 2.6

Herbicide
dicamba
dicamba
dicamba
dicamba
dicamba

Palmer amaranth control following application of dicamba + thiamethoxam and dicamba + sulfoxaflor at 140 and 280 L
ha-1.
Insecticide
none
thiamethoxam
sulfoxaflor
thiamethoxam
sulfoxaflor

Carrier Volume
L ha-1
140
140
140
280
280

Droplet Size
µm
800
800
800
800
800
p valuea

a

7 DAT
75
78
74
79
79
0.0918

Data were pooled across years 2018 - 2020.
Application initiated at 4-lf cotton and 10 cm Palmer amaranth.
c
Application initiated immediately prior to bloom and 10 cm Palmer amaranth.
d
Evaluated as percent control (0 – 100%) relative to non-treated and weed-free controls.
e
Means within each column with the same letter are not significantly different at p ≥ 0.05.
b
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14 DAT
21 DAT
Percent controlcd
71 b
79 c
77 a
84 ab
78 a
86 a
80 a
87 a
79 a
82 bc
< 0.0001
0.0008

28 DAT
79 c
84 b
85 ab
88 a
85 ab
0.0004

Table 2.7

Palmer amaranth control following application of dicamba + thiamethoxam and dicamba + sulfoxaflor at 140 and 280 L
ha-1.
7 DAT

Effect

14 DAT
21 DAT
p valuesa
1.000
0.4277
0.0943
0.7175
0.3088
0.0217
Percent controlde
78
85
78
85
de
Percent control
77
84 ab
80
87 a
78
86 ab
79
83 b

Insecticide Tank-mixture
0.1429
Carrier Volume
0.0285
Insecticide Tank-mixture * Carrier Volume
0.3120
Carrier Volume
140 L ha-1
76 b
280 L ha-1
79 a
Insecticide Tank-mixture
Carrier Volume
dicamba + thiamethoxam
140 L ha-1
78
-1
280 L ha
79
dicamba + sulfoxaflor
140 L ha-1
74
-1
280 L ha
79
a
Data were pooled across years 2018 - 2020.
b
Application initiated at 4-lf cotton and 10 cm Palmer amaranth.
c
Application initiated immediately prior to bloom and 10 cm Palmer amaranth.
d
Evaluated as percent control (0 – 100%) relative to non-treated and weed-free controls.
e
Means within each column with the same letter are not significantly different at p ≥ 0.05.
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28 DAT
0.4655
0.1929
0.1138
85
87
84
88
85
86

CHAPTER III
IMPACT OF CARRIER VOLUME AND SPRAY DROPLET SIZE ON COTTON HARVEST
AID PROGRAMS IN MISSISSIPPI
3.1

Abstract
Carrier volume, spray droplet size, defoliation materials, and number of defoliation

applications are of substantial consequence to producers seeking uniform cotton defoliation,
timely harvest, and optimum fiber quality. However, there is a paucity of data with respect to the
impact of carrier volume and spray droplet size on the efficacy of cotton defoliation programs.
Consequently, the objective of this research was to evaluate the impact of carrier volume and
spray droplet size on the efficacy of multiple cotton defoliation programs in Mississippi. We
observed cotton defoliation efficacy to be positively and negatively correlated with carrier
volume and spray droplet size, respectively. Independent of all other factors, we observed a
secondary application to significantly improve defoliation efficacy over a single application.
Maximum overall defoliation efficacy was achieved with two-applications, each consisting of
high carrier volumes and fine spray droplet sizes. However, lower carrier volumes have utility
when utilized in the first of a multiple application cotton defoliation program.
3.2
3.2.1

Introduction
Cotton
Cotton (Gossypium hirsutum, L.) is a perennial with an indeterminate growth habit that,

in agricultural production systems, is managed as an annual (Ritchie et al. 2004). Cotton is a
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major staple crop globally; however, in the United States 4.9 million hectares were planted in
2020, resulting in 15.9 million harvested bales, > 6 billion dollars in revenue, and an average
yield of 758 kilograms (kg) of seedcotton per hectare (hectare-1) (USDA NASS 2021). In 2020,
Mississippi accounted for 214,483 planted hectares, 1.26 million harvested bales, and an average
yield of 1028 kg of seedcotton hectare-1 (USDA NASS 2021). Agronomically, cotton is a laborintensive crop requiring constant management throughout its morphological and physiological
development during the growing season.
3.2.2

Harvest aids in cotton production systems
For crops with an indeterminate growth habit, proper application of harvest aids is critical

for optimizing harvest efficiency and achieving maximum yield and fiber quality (Byrd et al.
2016; Colwick et al. 1984). Harvest aids serve this purpose by removing any remaining green
plant material and minimizing the amount of dead plant material in harvested seed cotton
(Brecke et al. 2001; Colwick et al. 1984; Valco and Snipes 2001), thereby reducing fiber damage
incurred and cleaning required during the ginning process (Valco and Snipes 2001). Although
cotton does undergo senescence and leaf abscission naturally, harvest aids are utilized to
facilitate a uniform and efficient defoliation process ultimately resulting in a timely harvest.
Specifically, harvest aids in are used in cotton production systems to induce plant physiological
processes that result in leaf abscission, boll opening, and suppression of any further growth.
Harvest aid materials used in cotton production systems can be placed into two
categories: plant hormones and herbicidal defoliants. Examples of plant hormones include
thidiazuron and ethephon while herbicidal defoliants include tribufos, carfentrazone-ethyl,
pyraflufen-ethyl, and combinations thereof such as thidiazuron + diuron.
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The opportunity exists to utilize specific nozzles, orifice sizes, carrier volumes, and
application pressures to maximize the efficacy of harvest aid applications in cotton production
systems. Maximizing defoliation efficacy results in optimum fiber quality and leaf grade,
thereby maximizing economic returns. However, to date no research has reported the optimum
combination of carrier volume and specific spray droplet size across multiple defoliation
programs to maximize harvest aid application efficacy in cotton production systems.
3.2.3

Precision application factors
Achieving optimum pesticide application efficacy in agriculture production systems is a

multifaceted process and involves a series of factors that dynamically interact to contribute to the
efficacy of the application. These factors include droplet formation at the nozzle orifice,
transport through the atmosphere to plant surface, target impaction, deposition and retention,
absorption, and plant biological response (Brazee et al. 1991; Ebert and Downer 2008; Merritt et
al. 1989; and Reichard 1988).
Additional factors such as active ingredient (Creech et al. 2016; Knoche 1994; Meyer et
al. 2015), nozzle selection (Berger et al. 2014; Etheridge et al. 2001; Johnson et al. 2006; Klein
et al. 2009; Miller and Ellis 2000; Nuyttens et al. 2007; van de Zande et al. 2002; Yates et al.
1985), application pressure (Creech et al. 2015; Nuyttens et al. 2007;), and carrier volume
(Berger et al. 2014; Knoche 1994; Reed and Smith 2001; Shaw et al. 2000; Whisenant et al.
1993) effect the physical and chemical properties of spray droplets themselves.
Spray nozzles employed in agriculture production systems commonly produce droplets as
small as 10 to greater than 1000 microns (µm) in diameter (Bouse et al. 1990), with droplets <
200 µm (Etheridge et al. 2001; Yates et al. 1985) being identified having an increased propensity
for off-target movement. However, smaller spray droplets with low kinetic energy result in
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greater spray droplet retention on the leaf surface relative to larger droplets with higher kinetic
energy. Conversely, larger spray droplets are poorly retained on the leaf surface and yield
minimal coverage of leaf surface tissue (Spillman 1984, Forster et al. 2005). Consequently
while smaller droplets maximize target coverage and spray droplet retention, larger spray
droplets minimize off-target movement and agrichemical transport. As such, pesticide
application factors that maximize pesticide application efficacy and minimize off-target pesticide
movement are often incongruous elements.
3.2.4

Impact of carrier volume and droplet size on cotton harvest aid efficacy
Maximizing harvest aid efficacy requires applications that result in optimum boll

opening, leaf abscission and defoliation, regrowth suppression, and fiber quality. Specifically,
this requires applications that penetrate the plant canopy effectively, and provide adequate leaf
coverage, chemical deposition, and subsequent absorption of the material being applied.
Independent of carrier volume, small and large droplets are reported to deposit in greater
proportion on the abaxial and adaxial leaf surface, respectively (Sumner and Herzog 2000;
Sumner et al. 2000). Across carrier volume and independent of leaf axial surface, droplet size
has been reported to be positively correlated with leaf position within the canopy (Sumner et al.
2000). Finally, Siebert et al. (2006) report cotton defoliation efficacy to be positively and
negatively correlated with carrier volume and droplet size, respectively.
Consequently, these data indicate that specific carrier volume and droplet size effects on
pesticide application efficacy likely vary across pesticides and as a function of their mode of
action. Furthermore, applications of harvest aids with contact activity likely benefit from smaller
droplet sizes that result in maximum coverage of plant surfaces. Conversely, if harvest aids with
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systemic or hormonal activity are utilized, droplet sizes resulting in maximum chemical
deposition and subsequent plant uptake are likely required.
3.2.5

Research objectives
There is a paucity of data with respect to the impact of carrier volume and spray droplet

size on the efficacy of cotton defoliation programs as a whole. Carrier volume, spray droplet
size, and number of defoliation applications are of substantial consequence to producers seeking
to achieve a timely harvest and optimum fiber quality. Consequently, the optimum combination
of these factors necessary to achieve a satisfactory defoliation program is unknown. Therefore,
the objective of this research was to evaluate the impact of carrier volume and spray droplet size
on the efficacy of multiple cotton defoliation programs in Mississippi.
3.3

Materials and Methods
A three-year field experiment was conducted to evaluate the impact of carrier volume and

spray droplet size on the efficacy of cotton defoliation programs in Mississippi. Experiments
were conducted at two field locations: the R.R. Foil Plant Science and Research Station in
Starkville, Mississippi, and the Blackbelt Branch Research and Experiment Station in
Brooksville, Mississippi from 2018 – 2020. Eight row plots spaced 96 centimeters (cm) apart
were planted with a single cotton variety: DP 1646 B2XF (Bayer, Leverkusen, Germany) at a
population of 108,726 seed per hectare (ha-1). Initial defoliation applications were initiated when
open bolls averaged 60% across the entire experimental location. A secondary application was
made ~ 10 days after the initial application.
Applications were made using a Capstan Ag Systems (Topeka, Kansas) Pinpoint PulseWidth Modulation (PWM®) sprayer on a Bowman MudMaster (Bowman Manufacturing,
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Newport, Arkansas) traveling at a ground speed of 14.5 kilometers per hour (km hour-1). In a
PWM® system, flow and output is controlled by the relative proportion of time that each
electronically actuated solenoid valve is open, and is referred to as the duty cycle (Giles and
Comino 1990). The duty cycle of a PWM® sprayer is documented as having minimal effects on
the spray droplet size of the emitted droplet spectra when compared to conventional pressure
regulated systems (Creech et al. 2015), and is therefore uniquely suited for both pesticide
application research and minimizing pesticide drift.
The experimental design utilized was a factorial arrangement of treatments (FAT) within
a randomized complete block (RCB) design. Factors included program (number of applications
and harvest aid material utilized), carrier volume: 47 and 187 liters per hectare (L ha-1), and
spray droplet size: 200, 500, and 800 micrometers (µm). All treatments were replicated four
times and a single non-treated control within each replication was included for visual comparison
purposes.
Harvest aid materials chosen for initial applications included thidiazuron (Takedown SC;
Loveland Products Inc.; Loveland, Colorado), ethephon (Boll Buster; Loveland Products Inc.;
Loveland, Colorado), and tribufos (Folex 6EC; Amvac Chemical Corporation; Newport Beach,
California), and were made to plots receiving only the single application and served as the initial
application to plots receiving a second application. Harvest aid application in all secondary
applications consisted of pyraflufen-ethyl (ET; Nichino America, Wilmington, North Carolina),
ethephon (Boll Buster; Loveland Products Inc.; Loveland, Colorado), and crop oil (AgriDex;
Helena Agri-Enterprises, Collierville, Tennessee) (Tables 3.1 and 3.2).
The intended spray droplet size for each treatment was obtained by choosing a
combination of spray nozzle (Wilger Industries, Lexington, Tennessee), nozzle flow rate, and
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spray application pressure. The methods for this process were identical to those as described by
Creech et al. (2016) and Henry et al. (2014). The spray droplet spectrum for each pesticide
material at each carrier volume was evaluated using the low-speed wind tunnel (LSWT) at the
Precision Application Technology (PAT) Laboratory in North Platte, Nebraska. Elements in the
LSWT include a 7.5hp axial flow fan, an expansion chamber, a honeycomb straightener use to
produce laminar air flow, and eight 1.2m x 1.2m x 2.4m sections. A scrubber system and a 10
HP electric axial flow fan is attached to the terminal section for removing spray droplets and
vapors from the exhausted air.
The droplet spectrum for each treatment combination was analyzed using a Sympatec
HELOS-VARIO/KR laser diffraction system with the R7 lens (Sympatec Inc. Clausthal,
Germany). The laser is controlled by WINDOX 5.7.0.0 software (Sympatec Inc.), which is
operated on a computer adjacent to the wind tunnel. This lens is capable of detecting droplets in
a range from 9 – 3,700 µm. The laser consists of two main components: an emitter housing
containing the optical box and the source of the laser, and a receiver housing containing the lens
and the detector element. The two laser housings are separated by 1.2 meters on each side of the
wind tunnel and mounted on aluminum optical bench rail that is connected underneath the wind
tunnel to ensure proper laser alignment. The spray plume was oriented perpendicular to the laser
beam by means of a mechanical linear actuator. The actuator moves the nozzle at a constant
speed of 0.2 m s-1 such that the entire spray plume will pass through the laser beam spaced 30 cm
from the nozzle. Treatments in this study were compared using the DV0.5 parameter, which
represents the droplet size such that 50% of the spray volume is contained in droplets of equal or
smaller values, respectively. The spray classifications used in this document reflect the reference
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curves created from reference nozzle data at the PAT Lab as described by ASABE 572.1
(ASABE 2009).
Data collection for this study consisted of visual evaluation of percent open bolls, green
leaves, defoliation, desiccation, and terminal and basal regrowth. Plots were evaluated at 7, and
10 days after initial harvest aid applications and at 7 days after secondary harvest aid
applications, and were evaluated as percent control relative to the non-treated control within each
replication. At each evaluation interval, both terminal and basal regrowth were negligible and
deemed inconsequential. Therefore, these data are not shown. Seedcotton yield was obtained by
harvesting the center two rows from each plot with a spindle picker modified for small-plot
research. Due to the randomization of plots within each experimental location and the method of
seedcotton harvest, all plots were harvested at the same time. Seedcotton samples for each plot
weighing between 3.6 – 4.5 kg were sent to the University of Tennessee in Jackson, Tennessee
and were ginned with dual incline lint cleaners. Lint samples were then sent to the U.S.D.A.
classing office in Memphis, Tennessee. Fiber quality analyses included length (mm), uniformity
(%), strength (grams tex-1), micronaire, and leaf grade. Data were subjected to analyses of
variance using PROC GLIMMIX in SAS© (SAS Institute Inc.; Cary, North Carolina) v9.4.
Means were separated using Fisher’s Protected LSD at an alpha-level of 0.05. Additionally, a
Pearson’s correlation analyses was performed in R (R Foundation; Vienna, Austria) v3.6.3.
Brooksville data were unobtainable in 2019 due to premature and non-uniform defoliation.
Therefore, replication and year were considered random effects.
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3.4

Results and Discussion

3.4.1

Initial harvest aid application

3.4.1.1

Open bolls

At 7 DAT, open bolls varied due to a program x carrier volume x spray droplet size
interaction (p = 0.0002; Table 3.3). Application of thidiazuron + ethephon at 47 L ha-1 with 200
µm spray droplets, and thidiazuron + ethephon + tribufos applied at 187 L ha-1 with 800 µm
spray both resulted in 97% open bolls, but were similar to that observed following application of
thidiazuron + ethephon at 47 L ha-1 with 500 and 800 µm spray droplets (96%), and thidiazuron
+ ethephon + tribufos at 47 L ha-1 with 500 and 800 µm spray droplets (95%) (Table 3.3).
These data indicate that there are multiple program x carrier volume x spray droplet size
options that may be utilized to optimize boll opening at 7 DAT. To date, no research has
reported the impact of these factors on boll opening in defoliation applications and our results
indicate that lower carrier volumes as well as spray droplet sizes of 500 – 800 µm have utility in
cotton production systems to aid in boll opening.
3.4.1.2

Green leaves

At 7 DAT, green leaves varied due to carrier volume (p = 0.0023) and a program x spray
droplet size interaction (p = 0.0341) (Table 3.4). Pooled over program and spray droplet size,
harvest aid applications at 47 L ha-1 resulted in 26% green leaves (Table 3.4). Conversely,
applications at 187 L ha-1 resulted in 22% green leaves (Table 3.4). Additionally, when pooled
over carrier volume, applications of either thidiazuron + ethephon or thidiazuron + ethephon +
tribufos with 200 µm spray droplets resulted in ≤ 20% green leaves at 7 DAT, and were similar
to that observed following application of thidiazuron + ethephon + tribufos with 500 µm spray
droplets (22%) (Table 3.4).
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At 10 DAT, green leaves varied due to carrier volume (p = 0.0030) and spray droplet size
(p = < 0.0001) (Table 3.4). Pooled over program and spray droplet size, harvest aid applications
at 187 L ha-1 resulted in 19% green leaves, while applications at 47 L ha-1 resulted in 22% green
leaves. Additionally, pooled over program and carrier volume, applications made with 200 µm
spray droplets resulted in 16% green leaves, while application with 500 and 800 µm spray
droplets resulted in 19 and 26% green leaves, respectively (Table 3.4).
These data indicate that at 7 DAT, either defoliation program applied with 200 µm spray
droplets resulted least green leaves observed. However, application of thidiazuron + ethephon +
tribufos with 500 µm droplets may be employed to achieve a similar reduction in green leaves.
At 10 DAT, the greatest reduction in green leaves observed in this study was achieved with
either a carrier volume of 187 L ha-1 or with 200 µm spray droplets.
3.4.1.3

Cotton defoliation

At 7 DAT, cotton defoliation varied due to program x carrier volume (p = 0.0223) and
program x spray droplet size (p = 0.0262) interactions (Table 3.5). Pooled over spray droplet
size, application of thidiazuron + ethephon at 187 L ha-1 resulted in 73% defoliation, and was
similar to that observed from application of thidiazuron + ethephon + tribufos at 187 L ha-1
which resulted in 72% defoliation (Table 3.5). Conversely, application of thidiazuron +
ethephon + tribufos at 47 L ha-1 resulted in 67% defoliation (Table 3.5). Additionally, pooled
over carrier volume applications of thidiazuron + ethephon with 200 µm spray droplets resulted
in 75% defoliation, which was similar to that observed with applications of thidiazuron +
ethephon + tribufos with both 200 µm (72%) and 500 µm (72%) spray droplets (Table 3.5).
These data indicate that with respect to defoliation efficacy at 7 DAT, applications of thidiazuron
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+ ethephon were more sensitive to carrier volume and spray droplet size than applications of
thidiazuron + ethephon + tribufos.
At 10 DAT, defoliation varied due to carrier volume (p = 0.0004) and program x spray
droplet size (p = 0.0359) (Table 3.5). Pooled over program and spray droplet size, a carrier
volume of 187 L ha-1 resulted in 77% defoliation whereas applications of 47 L ha-1 resulted in
74% defoliation (Table 3.5). Additionally, when pooled over carrier volume, applications of
thidiazuron + ethephon with 200 µm spray droplets resulted in 83% defoliation (Table 3.5).
Conversely, application of either thidiazuron + ethephon or thidiazuron + ethephon + tribufos
with 800 spray droplets resulted in ≤ 72% defoliation 10 DAT (Table 3.5). These data indicate
that with respect to defoliation at 10 DAT, applications of thidiazuron + ethephon were more
sensitive to spray droplet size than applications of thidiazuron + ethephon + tribufos. However,
pooled over program and spray droplet size, maximum defoliation was achieved with a carrier
volume of 187 L ha-1 (Table 3.5).
3.4.1.4

Cotton desiccation

At 7 DAT, desiccation varied due to program (p = < 0.0001) and spray droplet size (p =
0.0004) (Table 3.6). Pooled over carrier volume and spray droplet size, applications of
thidiazuron + ethephon resulted in 5% desiccation whereas applications of thidiazuron +
ethephon + tribufos resulted in desiccation of 7% (Table 3.6). Additionally, when pooled over
program and carrier volume, harvest aid applications with 200 µm spray droplets resulted in
desiccation of 7%, whereas harvest aid applications with 500 and 800 spray droplets each
resulted in 5% desiccation (Table 3.6).
At 10 DAT, desiccation varied due to program (p = 0.0011; Table 3.6). Pooled over
carrier volume and spray droplet size, application of thidiazuron + ethephon resulted in 3%
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desiccation whereas applications of thidiazuron + ethephon + tribufos resulted in 4% desiccation
(Table 3.6). These data indicate that at both 7 and 10 DAT thidiazuron + ethephon resulted in
less leaf desiccation than thidiazuron + ethephon + tribufos.
3.4.1.5

Summary for initial harvest aid application

While percent green leaves and defoliation at any time (t) after a defoliation application
are not necessarily direct inverses of one another, they have some degree of correlation. The
strength of that correlation depends on several factors, the most prominent of which is likely
desiccation. Nevertheless, for the purposes of this study, green leaves remaining and defoliation
are each considered to be a measure of overall pesticide efficacy.
For single applications across both harvest aid programs, efficacy was maximized with a
carrier volume of 187 L ha-1 and with spray droplets of 200 or 500 µm. As such, our results
agree with Creech et al. (2015), Henry et al. (2014) and Knoche (1994), who found overall
pesticide efficacy to be negatively correlated with spray droplet size, and positively correlated
with carrier volume (Knoche 1994). Additionally, our results agree with Siebert et al. (2006),
who found cotton defoliation efficacy to be positively and negatively correlated with carrier
volume and spray droplet size, respectively. However, our data indicate that overall cotton
harvest aid efficacy is a function of the interaction between harvest aid material and carrier
volume, and harvest aid material and spray droplet size.
However, in this experiment, green leaves were reduced and defoliation increased by 4
and 3%, respectively, as the carrier volume increased from 47 to 187 L ha-1. Whether this
increase in defoliation efficacy is of pragmatic or financial consequence is a question that can
only be answered if correlated with changes in seedcotton yield or fiber quality. However, a
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four-fold increase in fuel and man-hours likely negates any perceived or actual benefit of an
increase in efficacy of < 4%.
Nevertheless, the increase in water, fuel, and time necessary to obtain the increase in
efficacy observed is of major consequence to cotton producers who are seeking to maximize the
efficiency of farming operations. Additionally, differences in open bolls and desiccation were
largely inconsequential from a pragmatic perspective. Therefore, we conclude that lower carrier
volumes have utility in cotton defoliation programs for single or first applications, despite their
marginal reduction in defoliation efficacy, along with spray droplets sizes no larger than 500 µm.
3.4.2

Secondary harvest aid application
Defoliation programs and philosophy vary across regions and states. A prominent facet

of most defoliation programs are the number of applications to be made. While a secondary
application will unilaterally increase defoliation efficacy, whether or not it is necessary is (1) a
subjective decision and (2) correlated with any change in seedcotton yield or fiber quality that
may be obtained.
Some defoliation programs include plans for a multiple-application scenario from the
beginning, while some will evaluate efficacy achieved at 7 – 10 days after initial harvest aid
application before making a decision. As with single applications discussed in the previous
section, programs evaluated included thidiazuron + ethephon, and thidiazuron + ethephon +
tribufos. Secondary applications were made to plots receiving thidiazuron + ethephon and
thidiazuron + ethephon + tribufos in the initial application. However, secondary application to
all plots consisted of pyraflufen-ethyl + ethephon + crop oil. For secondary applications, only 7
days after treatment (DAT) will be discussed.
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3.4.2.1

Open bolls

At 7 DAT, open bolls varied due to a program x carrier volume x spray droplet size
interaction (p = 0.0187; Table 3.3). Initial harvest aid application of thidiazuron + ethephon at
187 L ha-1 and with 500 µm spray droplets resulted in 98% open bolls. All other treatments
resulted in 99% open bolls and were not significantly different from each other (Table 3.3).
While statistically significant, these data indicate that differences in open bolls observed at 7
days after the second application were inconsequential and should not influence defoliation
decisions.
3.4.2.2

Green leaves

At 7 DAT, green leaves varied due to program x carrier volume (p = 0.0200) and
program x spray droplet size (p = 0.0001) interactions (Table 3.4). Pooled over spray droplet
size, all secondary applications resulted in ≥ 16% green leaves, whereas all initial harvest aid
applications resulted in ≥ 24% green leaves and were not significantly different from each other
(Table 3.4). Applications of thidiazuron + ethephon followed by pyraflufen-ethyl + ethephon +
crop oil applied at 187 L ha-1 resulted in 10% green leaves, whereas green leaves following all
other secondary applications were ≥ 14% (Table 3.4).
Additionally, when pooled over carrier volume, all secondary harvest aid applications
resulted in ≤ 21% green leaves, whereas all initial harvest aid applications resulted in ≥ 22%
green leaves (Table 3.4). An initial harvest aid application of either thidiazuron + ethephon or
thidiazuron + ethephon + tribufos with 200 µm spray droplets followed by a second application
of pyraflufen-ethyl + ethephon + crop oil with 200 µm spray droplets resulted in 8% green leaves
7 DAT (Table 3.4). Conversely, an initial harvest aid application of either thidiazuron +
ethephon or thidiazuron + ethephon + tribufos with 800 µm spray droplets followed by a second
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application of pyraflufen-ethyl + ethephon + crop oil with 800 µm spray droplets resulted in 19
and 21% green leaves, respectively (Table 3.4).
These data indicate that multiple applications increase defoliation efficacy relative to
single applications. When pooled over spray droplet size, efficacy achieved following secondary
harvest aid application was observed to be sensitive to carrier volume when the initial application
consisted of thidiazuron + ethephon, but not when the initial application included tribufos. As
such, maximum efficacy was achieved with an initial application of thidiazuron + ethephon
following by a secondary application of pyraflufen-ethyl + ethephon + crop oil, each at carrier
volume of 187 L ha-1 (Table 3.4). However, when pooled over carrier volume, spray droplets of
200 µm resulted in least green leaves independent of harvest aid and number of applications at 7
DAT.
3.4.2.3

Cotton defoliation

At 7 DAT, defoliation varied due to program x carrier volume (p = 0.0122) and program
x spray droplet size (p = 0.0001) interactions (Table 3.5). Pooled over spray droplet size, all
secondary applications resulted in ≥ 82% cotton defoliation (Table 3.5). An initial application of
thidiazuron + ethephon followed by a secondary application pyraflufen-ethyl + ethephon + crop
oil applied at 187 L ha-1 resulted in 88% defoliation (Table 3.5). Plots receiving only the initial
harvest aid application were defoliated 73 - 76% and were not significantly different from each
other (Table 3.5).
Additionally, when pooled over carrier volume, all secondary applications resulted in ≥
78% defoliation (Table 3.5). Initial harvest aid application of thidiazuron + ethephon or
thidiazuron + ethephon + tribufos followed by a secondary application of pyraflufen-ethyl + crop
oil with 200 µm spray droplets resulted in 90 - 91% defoliation, respectively (Table 3.5).
59

Conversely, initial harvest aid applications of thidiazuron + ethephon or thidiazuron + ethephon
+ tribufos followed by a secondary application of pyraflufen-ethyl + crop oil with 500 µm spray
droplets resulted in 86 and 85% defoliation, respectively, and with 800 µm spray droplets
resulted in 80 and 78% defoliation, respectively (Table 3.5).
These data indicate that multiple applications increase defoliation efficacy relative to
single applications. When pooled over spray droplet size, defoliation following secondary
harvest aid applications was observed to be sensitive to carrier volume when the initial
application consisted of thidiazuron + ethephon, but not when the initial application included
tribufos. As such, maximum defoliation was achieved with an initial application of thidiazuron +
ethephon following by a secondary application of pyraflufen-ethyl + ethephon + crop oil, each at
carrier volume of 187 L ha-1 (Table 3.5). However, when pooled over carrier volume, maximum
defoliation was achieved with spray droplets of 200 µm independent of harvest aid and number
of applications at 7 DAT (Table 3.5).
Our results agree with Creech et al. (2015), Henry et al. (2014) and Knoche (1994), who
found overall pesticide efficacy to be inversely related to spray droplet size, directly correlated to
carrier volume (Knoche 1994). Additionally, our results agree with Siebert et al. (2006), who
report cotton defoliation efficacy, specifically, to be positively and negatively correlated with
carrier volume and spray droplet size, respectively.
3.4.2.4

Cotton desiccation

At 7 DAT, desiccation varied due to program (p = 0.0099), carrier volume (0.0003), and
spray droplet size (0.0001) (Table 3.6). Pooled over carrier volume and spray droplet size, a
single applications of thidiazuron + ethephon and thidiazuron + ethephon + tribufos resulted in
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1% leaf desiccation, whereas a secondary application of pyraflufen-ethyl + ethephon + crop oil
resulted in leaf desiccation of 2% (Table 3.6).
Pooled over program and spray droplet size, harvest aid applications made at 187 L ha-1
resulted in 1% leaf desiccation, whereas applications at 47 L ha-1 resulted in 2% leaf desiccation
(Table 3.6). Finally, pooled over program and carrier volume, harvest aid applications made
with 800 µm spray droplets resulted in 1% desiccation, whereas application with 200 and 500
spray droplets resulted in 2% leaf desiccation (Table 3.6) Similar to the desiccation values
observed from initial applications at 7 DAT, the desiccation observed here is inconsequential.
Nevertheless, desiccation was minimized with a single harvest aid application, a carrier volume
of 187 L ha-1, and 800 µm spray droplets.
3.4.2.5

Summary for secondary cotton harvest aid application

As with initial harvest aid applications, green leaves and defoliation are separate but
related parameters by which to evaluate overall harvest aid application efficacy. As such, these
data indicate that multiple applications increase defoliation efficacy relative to single
applications. When pooled over spray droplet size, green leaves (Table 3.4) and defoliation
(Table 3.5) following secondary harvest aid applications were observed to be sensitive to carrier
volume when the initial application consisted of thidiazuron + ethephon, but not when the initial
application included tribufos. As such, maximum harvest aid efficacy was achieved with an
initial application of thidiazuron + ethephon following by a secondary application of pyraflufenethyl + ethephon + crop oil, each at carrier volume of 187 L ha-1. However, when pooled over
carrier volume, maximum harvest aid efficacy was achieved with spray droplets of 200 µm
independent of harvest aid and number of applications at 7 DAT.
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Similar to initial harvest applications, our results following secondary harvest aid
applications agree with Creech et al. (2015), Henry et al. (2014) and Knoche (1994), who found
overall pesticide efficacy to be inversely related to spray droplet size, directly correlated to
carrier volume (Knoche 1994). Our results following secondary harvest aid application also
agree with Siebert et al. (2006), who report cotton defoliation efficacy to be positively and
negatively correlated with carrier volume and spray droplet size, respectively. However, similar
to harvest aid efficacy following single or initial applications, our data indicate that overall
cotton harvest aid efficacy is a function of the interaction between harvest aid material and
carrier volume, and harvest aid material and spray droplet size.
3.4.3

Seedcotton yield and fiber quality
In this study, we observed no effect on seedcotton yield, turnout, lint yield, cotton fiber

length, uniformity, micronaire, strength, or leaf grade. Seedcotton yield ranged from 2709 –
3111 kilograms per hectare (kg ha-1), turnout ranged from 40 – 42%, and lint yield ranged from
1108 – 1270 kg ha-1 (data not shown). Cotton fiber length ranged from 30.11 – 30.57
millimeters, uniformity ranged from 81 – 82%, strength ranged from 28.92 – 30.09 grams per
tex, micronaire ranged from 4.48 – 4.63, and leaf grade ranged from 3.5 – 3.9 (data not shown).
3.4.4

Pearson correlation analyses
In order to test for potential correlations in the data set across time, a Pearson correlation

analyses was performed in R. Data from 10 days after initial harvest aid application was
correlated with data from 7 days after secondary harvest aid application. R-values of ± 0.50
were considered to represent a moderate correlation, while values of ± 0.70 were considered to
be highly correlated. The objective of this analyses was to evaluate the relationship between
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efficacy achieved between single vs. multiple applications. Open bolls, green leaves, and
terminal and basal regrowth failed to meet the threshold of 0.50 set as the threshold for
moderate-strength correlation and will not be discussed.
3.4.4.1

Cotton defoliation

Defoliation observed 10 days after an initial application of thidiazuron + ethephon at a
carrier volume of 187 L ha-1 with 200 and µm spray droplets was observed to be negatively
correlated (r = -0.616 and r = -0.564, respectively; Table 3.7) with defoliation 7 days after a
secondary application of pyraflufen-ethyl + ethephon + crop oil applied at a carrier volume of
187 L ha-1 with 200 and 500 µm spray droplets, respectively (Figure 3.1).
These data indicate that higher and lower amounts of defoliation observed 10 days after
an initial application of thidiazuron + ethephon are correlated with lower and higher defoliation 7
days after a secondary application of pyraflufen-ethyl + ethephon + crop oil, respectively.
Consequently, if leaves are still present 10 days after an initial application of these programs,
carrier volumes, and spray droplet sizes, then a second application consisting of pyraflufen-ethyl
+ ethephon + crop oil at the same carrier volume and droplet size resulted in optimal defoliation.
Conversely, if leaf material was minimal or absent following the initial application, a secondary
application resulted in correspondingly lower total defoliation 7 days after the second
application. These data indicate that maximum defoliation efficacy from the first application is
not of extreme consequence if a second application is to be made. Specifically, maximum
defoliation efficacy 7 days after the second application was achieved in plots with moderate
levels of defoliation from the first application.
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3.4.4.2

Cotton desiccation

Desiccation observed 10 days after initial applications of thidiazuron + ethephon at 47 L
ha-1 with 200 and 800 µm spray droplets and at 187 L ha-1 with 800 µm spray droplets, and
thidiazuron + ethephon + tribufos applied at 47 L ha-1 with 200 µm spray droplets and at 187 L
ha-1 with 200 and 500 µm spray droplets was positively correlated (r = 0.718, r = 0.592, and r =
0.562 r = 0.744, r = 0.538, and r = 0.789, respectively; Table 3.7) with desiccation observed from
a secondary application of pyraflufen-ethyl + ethephon + crop oil 7 days later at the same carrier
volume and spray droplet size (Figure 3.2).
These data indicate that desiccation values observed at 10 days after an initial harvest aid
application of either thidiazuron + ethephon or thidiazuron + ethephon + tribufos are positively
correlated with desiccation 7 days after a secondary application of consisting of pyraflufen-ethyl
+ ethephon + crop oil. Consequently, desiccation present 10 days after an initial application of
either harvest aid program was not be reduced by a second application consisting of pyraflufenethyl + ethephon + crop oil at the same carrier volume and droplet size. Therefore however
inconsequential the desiccation observed in this study may be, minimizing leaf desiccation from
initial defoliation applications will minimize the amount of leaf material present on the plant at
harvest.
3.5

Conclusion
We conclude that cotton defoliation efficacy is positively and negatively correlated with

carrier volume and spray droplet size, respectively. Additionally, independent of all other factors
evaluated in this study, we observed a secondary application of pyraflufen-ethyl + ethephon +
crop oil to significantly improve defoliation efficacy over single applications alone. Correlation
analyses revealed that maximum defoliation efficacy occurred from secondary applications to
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plots with apparently sub-optimal defoliation following the first application. As such, we
conclude that maximum defoliation efficacy is achieved from cotton defoliation programs
consisting of two-applications, each consisting of high carrier volumes and fine spray droplet
sizes. However we also conclude that lower carrier volumes have utility in cotton defoliation
programs to substantially reduce time and application cost associated with defoliation
applications, thereby maximizing efficiency and profitability.
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Table 3.1

Cotton harvest aid treatments for initial defoliation application.

Active Ingredient

Formulated Product

Application Rate

thidiazuron
ethephon
thidiazuron
ethephon
thidiazuron
ethephon
thidiazuron
ethephon
thidiazuron
ethephon
thidiazuron
ethephon
thidiazuron
ethephon
tribufos
thidiazuron
ethephon
tribufos
thidiazuron
ethephon
tribufos
thidiazuron
ethephon
tribufos
thidiazuron
ethephon
tribufos

Thidiazuron SC
Bollbuster
Thidiazuron SC
Bollbuster
Thidiazuron SC
Bollbuster
Thidiazuron SC
Bollbuster
Thidiazuron SC
Bollbuster
Thidiazuron SC
Bollbuster
Bollbuster
Thidiazuron SC
Bollbuster
Thidiazuron SC
Bollbuster
Folex
Thidiazuron SC
Bollbuster
Folex
Thidiazuron SC
Bollbuster
Folex
Thidiazuron SC
Bollbuster
Folex

80 g ai ha-1
1119 g ai ha-1
80 g ai ha-1
1119 g ai ha-1
80 g ai ha-1
1119 g ai ha-1
80 g ai ha-1
1119 g ai ha-1
80 g ai ha-1
1119 g ai ha-1
80 g ai ha-1
1119 g ai ha-1
80 g ai ha-1
1119 g ai ha-1
278 g ai ha-1
80 g ai ha-1
1119 g ai ha-1
278 g ai ha-1
80 g ai ha-1
1119 g ai ha-1
278 g ai ha-1
80 g ai ha-1
1119 g ai ha-1
278 g ai ha-1
80 g ai ha-1
1119 g ai ha-1
278 g ai ha-1

Carrier Volume
L ha-1
47

Droplet Size
µm
200

ER11002

Application Pressure
kPa
379

47

500

MR11006

427

47

800

UR11006

345

187

200

ER11002

345

187

500

MR11005

290

187

800

UR11004

255

47

200

ER11002

414

47

500

MR11006

345

47

800

UR11006

269

187

200

ER110015

290

187

500

MR11006

379
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Nozzlea

Table 3.1

Cotton harvest aid treatments for initial defoliation application (continued).

Application
Carrier Volume Droplet Size
Application Pressure
Nozzlea
Rate
L ha-1
µm
kPa
-1
Thidiazuron
Thidiazuron SC
80 g ai ha
187
800
UR11006
296
ethephon
Bollbuster
1119 g ai ha-1
tribufos
Folex
278 g ai ha-1
a
All nozzles utilized in this experiment were manufactured and provided by Wilger Industries, Lexington, Tennessee.
Active Ingredient

Formulated Product
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Table 3.2

Cotton harvest aid treatments for plots receiving both initial and secondary defoliation application.

Active Ingredient

Formulated Product

Application Rate

pyraflufen-ethyl
ethephon
crop oil
pyraflufen-ethyl
ethephon
crop oil
pyraflufen-ethyl
ethephon
crop oil
pyraflufen-ethyl
ethephon
crop oil
pyraflufen-ethyl
ethephon
crop oil
pyraflufen-ethyl
ethephon
crop oil
pyraflufen-ethyl
ethephon
crop oil
pyraflufen-ethyl
ethephon
crop oil

ET
Boll Buster
Agri-Dex
ET
Boll Buster
Agri-Dex
ET
Boll Buster
Agri-Dex
ET
Boll Buster
Agri-Dex
ET
Boll Buster
Agri-Dex
ET
Boll Buster
Agri-Dex
ET
Boll Buster
Agri-Dex
ET
Boll Buster
Agri-Dex

3 g ai ha-1
1119 g ai ha-1
1% v/v
3 g ai ha-1
1119 g ai ha-1
1% v/v
3 g ai ha-1
1119 g ai ha-1
1% v/v
3 g ai ha-1
1119 g ai ha-1
1% v/v
3 g ai ha-1
1119 g ai ha-1
1% v/v
3 g ai ha-1
1119 g ai ha-1
1% v/v
3 g ai ha-1
1119 g ai ha-1
1% v/v
3 g ai ha-1
1119 g ai ha-1
1% v/v

Carrier Volume
L ha-1
47

Droplet Size
µm
200

ER11002

Application Pressure
kPa
331

47

500

MR11006

379

47

800

UR11006

317

187

200

ER11002

358

187

500

MR11005

255

187

800

UR11006

345

47

200

ER11002

331

47

500

MR11006

379
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Nozzlea

Table 3.2

Cotton harvest aid treatments for plots receiving both initial and secondary defoliation application (continued).

Application Pressure
Application Carrier Volume Droplet Size
Nozzlea
Rate
L ha-1
µm
kPa
-1
ET
3 g ai ha
47
800
UR11006
317
pyraflufen-ethyl
-1
Boll Buster
1119 g ai ha
ethephon
Agri-Dex
1% v/v
crop oil
ET
3 g ai ha-1
187
200
ER11002
359
pyraflufen-ethyl
Boll Buster
1119 g ai ha-1
ethephon
Agri-Dex
1% v/v
crop oil
pyraflufen-ethyl
ET
3 g ai ha-1
187
500
MR11005
255
-1
ethephon
Boll Buster
1119 g ai ha
crop oil
Agri-Dex
1% v/v
ET
3 g ai ha-1
187
800
UR11006
345 kPa
pyraflufen-ethyl
Boll Buster
1119 g ai ha-1
ethephon
Agri-Dex
1% v/v
crop oil
a
All nozzles utilized in this experiment were manufactured and provided by Wilger Industries, Lexington, Tennessee.
Active Ingredient

Formulated Product
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Table 3.3

Open cotton bolls following initial and secondary harvest aid application.

Program
Initial harvest aid application
thidiazuron + ethephon

% Open Bollsb
7 DAT

Carrier Volume
L ha-1

Droplet Size
µm

47

200
500
800
200
500
800
200
500
800
200
500
800

97 a
96 ab
96 ab
94 bc
94 bc
93 cd
91 de
95 abc
95 abc
92 de
90 e
97 a
0.0002

200
500
800
200
500
800
200
500
800
200
500
800
200
500
800
200
500
800
200
500
800
200
500
800

99 a
99 a
99 a
99 a
98 b
99 a
99 a
99 a
99 a
99 a
99 a
99 a
99 a
99 a
99 a
99 a
99 a
99 a
99 a
99 a
99 a
99 a
99 a
99 a
0.0187

187
thidiazuron + ethephon + tribufos

47
187

p valuea
Secondary harvest aid application
thidiazuron + ethephon

47
187

thidiazuron + ethephon + tribufos

47
187

[thidiazuron + ethephon]
+
pyraflufen-ethyl + ethephon + crop oil

47
187

[thidiazuron + ethephon + tribufos]
+
pyraflufen-ethyl + ethephon + crop oil

47
187

p valuea
a
Data were pooled over years 2018 – 2020.
b
Means within each column with the same letter are not significantly different at p ≥ 0.05.
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Table 3.4

Green leaves following initial and secondary harvest aid application.

Program
Initial harvest aid application
p valuea

Carrier Volume
L ha-1
47
187

thidiazuron + ethephon

200
500
800
200
500
800

thidiazuron + ethephon + tribufos
p valuea

p valuea
Secondary harvest aid application
thidiazuron + ethephon
thidiazuron + ethephon + tribufos
[thidiazuron + ethephon]
+ pyraflufen-ethyl + crop oil
[thidiazuron + ethephon + tribufos]
+ pyraflufen-ethyl + crop oil
p valuea
thidiazuron + ethephon

Droplet Size
µm

Percent green leavesb
7 DAT
10 DAT
26 a
22 b
0.0023
19 d
27 b
31 a
20 d
22 cd
25 bc
0.0341

200
500
800
47
187
47
187
47
187
47
187
200
500
800
200
500
800
200
500
800
200
500
800

thidiazuron + ethephon + tribufos
[thidiazuron + ethephon]
+ pyraflufen-ethyl + crop oil
[thidiazuron + ethephon + tribufos]
+ pyraflufen-ethyl + crop oil

22 a
19 b
0.0030

16 c
19 b
26 a
< .0001
25 a
24 a
26 a
26 a
16 b
10 c
15 b
14 b
0.0200
22 ded
24 cde
29 a
25 bcd
26 abc
27 ab
8h
13 g
19 f
8h
14 g
21 ef
0.0001

p valuea
a
Data were pooled over years 2018 – 2020.
b
Means within each column with the same letter are not significantly different at p ≥ 0.05.
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Table 3.5

Defoliation following initial and secondary harvest aid application.

Program
Initial harvest aid application

Carrier Volume
L ha-1

thidiazuron + ethephon
thidiazuron + ethephon + tribufos
p valuea

47
187
47
187
200
500
800
200
500
800

thidiazuron + ethephon
thidiazuron + ethephon + tribufos
p valuea
p valuea
Secondary harvest aid application
thidiazuron + ethephon
thidiazuron + ethephon + tribufos
[thidiazuron + ethephon]
+ pyraflufen-ethyl + crop oil
[thidiazuron + ethephon + tribufos]
+ pyraflufen-ethyl + crop oil
p valuea
thidiazuron + ethephon

Droplet Size
µm

47
187
47
187
47
187
47
187
47
187
200
500
800
200
500
800
200
500
800
200
500
800

thidiazuron + ethephon + tribufos
[thidiazuron + ethephon]
+ pyraflufen-ethyl + crop oil
[thidiazuron + ethephon + tribufos]
+ pyraflufen-ethyl + crop oil

Percent defoliationb
7 DAT
10 DAT
67 c
73 a
70 b
72 ab
0.0223
75 a
83 a
70 bc
77 b
65 d
70 c
72 ab
79 b
72 ab
78 b
68 cd
72 c
0.0262 0.0359
74 b
77 a
0.0004
73 de
76 d
73 e
73 de
82 c
88 a
83 bc
85 b
0.0122
77 cde
75 def
71 g
74 efg
73 fg
72 g
91 a
86 b
80 c
90 a
85 b
78 cd
0.0001

p valuea
a
Data were pooled over years 2018 – 2020.
b
Means within each column with the same letter are not significantly different at p ≥ 0.05.
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Table 3.6

Desiccation following initial and secondary harvest aid application.

Program
Initial harvest aid application
thidiazuron + ethephon
thidiazuron + ethephon + tribufos

Carrier Volume
L ha-1

Droplet Size
µm

p valuea
200
500
800

Secondary harvest aid application
thidiazuron + ethephon
thidiazuron + ethephon + tribufos
[thidiazuron + ethephon]
+
pyraflufen-ethyl + ethephon + crop oil
[thidiazuron + ethephon + tribufos]
+
pyraflufen-ethyl + ethephon + crop oil

Percent desiccationb
7 DAT
10 DAT
5b
7a
< .0001
7a
5b
5b
0.0004
1b
1b
2a
2a

p valuea
47
187
200
500
800

p valuea
a

Data were pooled over years 2018 – 2020.
Means within each column with the same letter are not significantly different at p ≥ 0.05..

b

73

0.0099
2a
1b
0.0003
2a
2a
1b
0.0001

3b
4a
0.0011

Table 3.7

Pearson correlation analyses for 10 days after initial vs 7 days after secondary harvest aid application.

Program
Defoliation
[thidiazuron + ethephon]
+ pyraflufen-ethyl + crop oil

Carrier Volume
L ha-1

Droplet Size
µm

R-valuea

47

200
500
800
200
500
800
200
500
800
200
500
800

-0.0928
0.282
0.215
-0.616
-0.564
0.105
-0.196
0.269
-0.230
-0.296
-0.165
0.314

200
500
800
200
500
800
200
500
800
200
500
800

0.718
0.469
0.592
0.0765
-0.0831
0.562
0.744
0.479
0.323
0.538
0.789
0.403

187
[thidiazuron + ethephon + tribufos]
+ pyraflufen-ethyl + crop oil

47

187
Desiccation
[thidiazuron + ethephon]
+ pyraflufen-ethyl + crop oil

47
187

[thidiazuron + ethephon + tribufos]
+ pyraflufen-ethyl + crop oil

47
187

a

Data were pooled over years 2018 – 2020.
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Figure 3.1

Pearson correlation analyses for defoliation 10 days after initial harvest aid application vs. 7 days after secondary
application.
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Figure 3.2

Pearson correlation analyses for desiccation 10 days after initial harvest aid application vs. 7 days after secondary
application.

76

CHAPTER IV
IMPACT OF CARRIER VOLUME AND SPRAY DROPLET SIZE SOYBEAN HARVEST
AID EFFICACY IN MISSISSIPPI
4.1

Abstract
Throughout the Mid-southern United States (U.S.), earlier maturing, indeterminate

soybean cultivars have largely taken the place of later maturing, determinate cultivars in order to
take advantage of soil moisture at the beginning of flowering and early pod fill. However, this
shift in cultivars results in greater levels of green plant material at physiological maturity.
Consequently, harvest aids are of interest to producers who seek to defoliate and desiccate plants
in a timely and uniform manner in preparation for harvest operations. Therefore, the objective of
this research was to evaluate the impact of harvest aid, carrier volume, and spray droplet size on
soybean harvest aid efficacy in Mississippi. Our results indicate that saflufenacil and sodium
chlorate do not have utility as stand-alone harvest aid materials in spite of their substantially
shorter pre-harvest intervals relative to paraquat. Conversely, harvest aid applications containing
paraquat applied at a carrier volume between 47 and 187 liters per hectare (L ha-1) in
combination with spray droplets of 200 – 500 micrometers (µm) should be utilized to maximize
overall harvest aid efficacy.
4.2

Introduction
Soybean (Glycine max, L.) is a herbaceous annual plant belonging to the family

Fabaceae. Soybean is a staple crop on a global scale, accounting for a total production of 336.56
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million metric tons (USDA FAS 2021). In the United States, 33.6 million hectares were planted
in 2020, producing of 114 million metric tons for an average yield of 3.41 metric tons per hectare
(ha-1) (USDA NASS 2021). Mississippi growers planted 845,793 hectares of soybean in 2020,
producing 3 million metric tons at an average yield of 3.58 metric tons ha-1 (USDA NASS 2021).
The use and utility of soybean is based on protein and oil content, approximately 40% and 20%,
respectively (Norman 1978). The majority of soybean production in the United States occurs in
Iowa and Illinois, with significant production also occurring in the lower Mississippi River
Valley portions of Missouri, Tennessee, Arkansas, Mississippi, and Louisiana.
4.2.1

Harvest aids in soybean production systems
Historically, harvest aids in agricultural production systems have been employed to

desiccate weeds and increase overall harvest efficiency (Burnside et al. 1969; Burnside 1973;
Griffin et al. 2003). Foreign plant material and seed moisture associated with green plant
material present at harvest and in the harvested grain are documented to reduce overall grain
quality (Ellis et al. 1998; Willard and Griffin 1993) thereby reducing net returns to producers
(Boudreaux and Griffin 2011). Additionally, leaving a soybean crop in the field beyond
physiological maturity may expose the crop to adverse environmental conditions that can reduce
yield and grain quality (Boudreaux and Griffin 2008).
Soybean cultivar selection in the Mid-southern U.S. has shifted toward early maturing,
indeterminate maturity group (MG) IV and V varieties (Boudreaux and Griffin 2011). The shift
in these varieties has also resulted in increased adoption of harvest aid application in soybean
production systems (Boudreaux and Griffin 2011; Griffin et al. 2010). Increased leaf retention,
presence of green stem and pods in earlier maturing indeterminate varieties after physiological
maturity can delay or prevent harvest (Boudreaux et al. 2007). Application of harvest aids also
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assists in late-season weed control and may allow producers to achieve earlier crop delivery at a
higher market price (Boudreaux and Griffin 2008). Several herbicidal harvest aids are labeled
for soybean. In Mississippi, the three primary harvest aids materials utilized are paraquat,
saflucenacil, and sodium chlorate (T. Irby, personal communication).
4.2.2

Precision application factors
Optimal efficacy from pesticide applications in agricultural settings is a dynamic process

that includes multiple factors that individually and interactively contribute to effect overall
application efficacy. These variables include spray droplet formation, media (atmosphere)
through which it is transported to the target, deposition and retention, and subsequent plant
absorption and biological response (Brazee et al. 1991; Ebert and Downer 2008; Merritt et al.
1989; and Reichard 1988). Additional factors impacting application efficacy include active
ingredient (Creech et al. 2016; Knoche 1994; Meyer et al. 2015), nozzle selection (Berger et al.
2014; Etheridge et al. 2001; Johnson et al. 2006; Klein et al. 2009; Miller and Ellis 2000;
Nuyttens et al. 2007; van de Zande et al. 2002; Yates et al. 1985), application pressure (Creech
et al. 2015; Nuyttens et al. 2007;), and carrier volume (Berger et al. 2014; Knoche 1994; Reed
and Smith 2001; Shaw et al. 2000; Whisenant et al. 1993) which effect the physical and
chemical properties of spray droplets themselves.
Pesticide applicators in agricultural production systems utilize spray nozzles that produce
spray droplets from as small as 10 to greater than 1000 microns (µm) in diameter (Bouse et al.
1990). However, spray droplets of less than 200 µm have been identified having an increased
propensity for off-target movement (Etheridge et al. 2001; Yates et al. 1985). Furthermore,
smaller spray droplets leaving the nozzle with relatively less kinetic energy results in greater
overall spray droplet retention on the target surface relative to larger spray droplets with
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relatively greater kinetic energy. However, larger droplets are poorly held on the targer surface
and produce minimal coverage of the target area (Spillman 1984, Forster et al. 2005). Therefore,
while small spray droplets maximize coverage and yield greater spray droplet retention on the
target surface, larger spray droplets result in less off-target movement and subsequent
agrichemical transport. Consequently, pesticide application variables that result in maximum
pesticide efficacy while simultaneously minimizing off-target movement are often incompatible.
4.2.3

Impact of carrier volume and spray droplet size on soybean harvest aid efficacy
Optimizing the efficacy of harvest aid applications in soybean production systems

requires applications that penetrate the plant canopy, provide adequate coverage, chemical
deposition, and sufficient plant absorption of the applied harvest aid. Independent of carrier
volume, small and large droplets deposit in greater proportion on the abaxial and adaxial leaf
surface, respectively (Sumner and Herzog 2000; Sumner et al. 2000). Independent of carrier
volume and leaf axial surface, droplet size has been reported to be positively correlated with leaf
position within the canopy (Sumner et al. 2000).
Consequently, the impact of carrier volume and spray droplet size on pesticide efficacy
likely varies across pesticides and as a function of their mode of action. Therefore, applications
of harvest aids with contact activity will benefit from carrier volumes, nozzles, application
pressures, and spray droplet sizes that result in maximum coverage of plant surfaces.
Conversely, if harvest aids with systemic activity are utilized, factors that maximize chemical
deposition, retention, and subsequent absorption are likely required.
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4.2.4

Research objectives
Throughout the Mid-southern U.S., a paradigm shift has occurred with respect to soybean

variety selection over the past two decades. Earlier maturing, indeterminate cultivars have
largely taken the place of later maturing, determinate cultivars. These varieties, along with their
progressively earlier planting dates, enter reproductive stages earlier in the growing season and
take advantage of residual soil moisture at the beginning of flowering and early pod fill.
However, this shift results in higher amounts of green leaves and stems at physiological maturity.
Consequently, harvest aids are of interest to producers who seek to defoliate and desiccate plants
in a timely and uniform manner in preparation for harvest operations.
In Mississippi, the three primary harvest aid materials utilized are paraquat, saflucenacil,
and sodium chlorate. However, there is a paucity of data with respect to the impact of carrier
volume and spray droplet size on the efficacy of these materials applied as harvest aids on
indeterminate MG IV and V soybean cultivars. Therefore, the objective of this research was to
evaluate the impact of harvest aid, carrier volume, and spray droplet size on overall soybean
harvest aid efficacy in Mississippi.
4.3

Materials and Methods
A two-year (2019 & 2020) field experiment was conducted to evaluate the impact of

carrier volume and spray droplet size on the efficacy of soybean harvest aid programs in
Mississippi. This experiment consisted of two field locations: the R.R. Foil Plant Science
Research Center in Starkville, Mississippi, and the Blackbelt Branch Research and Experiment
Station in Brooksville, Mississippi. Eight row plots were planted on 76 centimeter (cm) beds
with a single soybean variety: DynaGro S48XT56 at a population of 321,237 seed per hectare
(ha-1). Harvest aid applications were initiated when soybean plants averaged 65% mature pods.
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Harvest aid applications were applied with a Capstan (Capstan Ag Systems, Topeka,
Kansas) Pinpoint Pulse-Width Modulation (PWM®) sprayer on a high-clearance Bowman
MudMaster (Bowman Manufacturing, Newport, Arkansas) traveling at a ground speed of 14.5
kilometers per hour (km hour-1). In a PWM® system, flow and output is controlled by the
relative proportion of time that each electronically actuated solenoid valve is open, and is
referred to as the duty cycle (Giles and Comino 1989). The duty cycle of a PWM® sprayer is
documented as having minimal effects on the spray droplet size of the emitted droplet spectra
when compared to conventional pressure regulated systems (Creech et al. 2015), and is therefore
uniquely suited for both pesticide application research and minimizing pesticide drift.
The experimental design utilized a factorial arrangement of treatments (FAT) within a
randomized complete block (RCB) design. In this experiment, two carrier volumes: 47 and 187
liters per hectare (L ha-1), and three spray droplet sizes: 200, 500, and 800 micrometers (µm)
were utilized with three harvest aid treatments: paraquat (Gramoxone® SL 2.0; Syngenta, Basel,
Switzerland), saflufenacil (Sharpen®; Corteva, Wilmington, Delaware), and sodium chlorate
(Defol 5®; Drexel Chemical Company, Memphis, Tennessee) (Table 4.1). All treatments were
replicated four times and a single non-treated control within each replication was included for
visual comparison purposes.
The intended spray droplet size for each treatment was obtained by choosing a
combination of spray nozzle (Wilger Industries, Lexington, Tennessee), nozzle flow rate, and
spray application pressure. The methods for this process were identical to those as described by
Creech et al. (2016) and Henry et al. (2014). The spray droplet spectrum for each pesticide
material at each carrier volume was evaluated using the low-speed wind tunnel (LSWT) at the
Precision Application Technology (PAT) Laboratory in North Platte, Nebraska. Elements in the
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LSWT include a 7.5hp axial flow fan, an expansion chamber, a honeycomb straightener use to
produce laminar air flow, and eight 1.2m x 1.2m x 2.4m sections. A scrubber system and a 10
HP electric axial flow fan is attached to the terminal section for removing spray droplets and
vapors from the exhausted air.
The droplet spectrum for each treatment combination was analyzed using a Sympatec
HELOS-VARIO/KR laser diffraction system with the R7 lens (Sympatec Inc. Clausthal,
Germany). The laser is controlled by WINDOX 5.7.0.0 software (Sympatec Inc.), which is
operated on a computer adjacent to the wind tunnel. This lens is capable of detecting droplets in
a range from 9 – 3,700 µm. The laser consists of two main components: an emitter housing
containing the optical box and the source of the laser, and a receiver housing containing the lens
and the detector element. The two laser housings are separated by 1.2 meters on each side of the
wind tunnel and mounted on aluminum optical bench rail that is connected underneath the wind
tunnel to ensure proper laser alignment. The spray plume was oriented perpendicular to the laser
beam by means of a mechanical linear actuator. The actuator moves the nozzle at a constant
speed of 0.2 m s-1 such that the entire spray plume will pass through the laser beam spaced 30 cm
from the nozzle. Treatments in this study were compared using the DV0.5 parameter, which
represents the droplet size such that 50% of the spray volume is contained in droplets of equal or
smaller values, respectively. The spray classifications used in this document reflect the reference
curves created from reference nozzle data at the PAT Lab as described by ASABE 572.1
(ASABE 2009).
Data collection for this experiment included visual evaluation (0 – 100%) of defoliation,
desiccation, and green stem at 3, 7, 10, and 14 days after treatment (DAT. Soybean yield was
obtained by harvesting the center two rows from each plot with a plot combine and yield of each
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plot adjusted to 13% moisture. Data were subjected to analyses of variance using PROC
MIXED in SAS© (SAS Institute Inc.; Cary, North Carolina) v9.4. Means were separated using
Fisher’s Protected LSD at an alpha-level of 0.05, and year, location, and replication were
considered random effects.
4.4
4.4.1

Results and Discussion
Soybean defoliation
At 3, 7, and 10 DAT, soybean defoliation varied due to a harvest aid x carrier volume x

droplet size interaction (p = 0.0312, p = < .0001, and p = 0.0010, respectively; Table 4.2).
Paraquat applied at a carrier volume of 47 or 187 L ha-1 with 200 µm spray droplets resulted in
37 and 34% defoliation, respectively (Table 4.2). Conversely, application of saflufenacil at 47 L
ha-1 with 800 µm spray droplets or at 187 L ha-1 with 500 µm spray droplets each resulted in
20% defoliation, and was similar to that observed following application of saflufenacil at 47 L
ha-1 with 200 µm spray droplets (22%), at 187 L ha-1 with 200 (22%) or 800 µm spray droplets
(21%), or sodium chlorate at 187 L ha-1 with 800 µm spray droplets (22%) (Table 4.2).
At 7 DAT, paraquat applied at a carrier volume of 187 L ha-1 with 200 µm spray droplets
resulted in 84% defoliation and was similar to that observed following paraquat applied at 47 L
ha-1 with 200 µm spray droplets (82%) (Table 4.2). Conversely, saflufenacil applied at a carrier
volume of 47 L ha-1 with 500 µm spray droplets resulted in 36% defoliation (Table 4.2). These
data indicate that at 3 and 7 DAT, independent of carrier volume application of paraquat with
200 µm spray droplets resulted in the greatest defoliation observed.
At 10 DAT, paraquat applied at a carrier volume of 187 L ha-1 with 200 µm spray
droplets resulted in 92% defoliation and was similar to that observed following application of
paraquat at 47 L ha-1 with 200 µm (89%) and 500 µm (89%) spray droplets, and sodium chlorate
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at 47 L ha-1 with 200 µm spray droplets (89%) (Table 4.2). Conversely, saflufenacil applied at a
carrier volume of 47 L ha-1 with either 500 µm or 800 µm spray droplets resulted in 54 and 58%
defoliation, respectively (Table 4.2). These data indicate that at 10 DAT, independent of carrier
volume application of paraquat with either 200 or 500 µm spray droplets resulted in the greatest
defoliation observed.
At 14 DAT, soybean defoliation varied due to a harvest aid x carrier volume (p =
0.0001), harvest aid x droplet size (p = < 0.0001), and carrier volume x spray droplet size (p =
0.0072) interaction (Table 4.2). Pooled over spray droplet size, paraquat applied at 47 and 187 L
ha-1 resulted in 95 and 95% defoliation respectively. Conversely, application of saflufenacil at a
carrier volume of 47 L ha-1 resulted in 76% defoliation (Table 4.2). These data indicate that at 14
DAT, defoliation was not sensitive to carrier volume following application of paraquat, but was
sensitive to carrier volume following application of saflufenacil and sodium chlorate.
Specifically, defoliation was observed to be greater following application at 187 L ha-1 for
saflufenacil, but with 47 L ha-1 following application of sodium chlorate.
Pooled over carrier volume, paraquat applied with 200 µm spray droplets resulted in 97%
defoliation 14 DAT, but was similar to that observed following application of paraquat with 500
µm spray droplets (95%) (Table 4.2). Conversely, saflufenacil applied with 800 µm spray
droplets resulted in 73% defoliation. These data indicate that pooled over carrier volume,
defoliation following application of paraquat was only moderately sensitive to spray droplet size,
and defoliation following application of sodium chlorate only decreased with application of 800
µm spray droplets. However, defoliation following application of saflufenacil was observed to
be sensitive to spray droplet size and decreased as spray droplet size increased from 200 – 800
µm.
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Pooled over harvest aid, defoliation observed following harvest aid applications at 47 L
ha-1 were not observed to be sensitive to spray droplet size (Table 4.2). Conversely, defoliation
following harvest aid application at 187 L ha-1 was observed to be sensitive to spray droplet size,
and decreased as spray droplet size increased from 200 – 800 µm.
Consequently, these data indicate that independent of evaluation interval following
harvest aid application, maximum defoliation was achieved following application of paraquat
with 500 or 800 spray µm spray droplets. However, saflufenacil and sodium chlorate have
potential as soybean harvest aid materials due to their substantially shorter pre-harvest intervals
(PHI) of 7 and 3 days, respectively.
4.4.2

Soybean desiccation
At 3 (p = 0.0129) and 7 (p = 0.0448) DAT, soybean desiccation varied due to a harvest

aid x carrier volume x spray droplet size interaction (Table 4.3). At 3 DAT, paraquat applied at a
carrier volume of 47 L ha-1 with 200 µm spray droplets resulted in 42% desiccation, but was also
similar to that observed following application of paraquat at 187 L ha-1 with 200 µm spray
droplets (40%) (Table 4.3). Conversely, saflufenacil applied at a carrier volume of 187 L ha-1
with 800 µm spray droplets resulted in 20% desiccation, which was similar to that observed
following application of saflufenacil at 47 L ha-1 with 800 µm spray droplets (20%), and 187 L
ha-1 with 500 µm spray droplets (21%) (Table 4.3).
At 7 DAT, independent of carrier volume paraquat applied with either 200 or 500 µm
spray droplets resulted in 79 – 83% desiccation (Table 4.3). Conversely, saflufenacil applied at a
carrier volume of 47 L ha-1 with 500 µm spray droplets resulted in 42% desiccation, and was
similar to that observed following application of saflufenacil at 47 L ha-1 with 800 µm spray
droplets (45%) (Table 4.3).
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At 10 and 14 DAT, soybean desiccation varied due to a harvest aid x carrier volume
interaction (p < 0.0001 and p = 0.0273, respectively) and a harvest aid x spray droplet size
interaction (p = 0.0016 and p = < 0.0001, respectively), (Table 4.3). Pooled over spray droplet
size and independent of carrier volume, application of paraquat resulted in 89 – 91% desiccation
10 DAT (Table 4.3). Conversely, saflufenacil applied at a carrier volume of 47 L ha-1 resulted in
60% desiccation. Additionally, these data indicate that when pooled over spray droplet size,
desiccation following application of paraquat was not sensitive to carrier volume; however,
desiccation increased and decreased following application of saflufenacil and sodium chlorate,
respectively, as the carrier volume increased from 47 to 187 L ha-1.
Pooled over carrier volume, paraquat applied with 200 µm spray droplets resulted in 92%
desiccation, and was similar to that observed following application of paraquat with 500 µm
spray droplets (89%) (Table 4.3). Conversely, saflufenacil applied with either 500 or 800 µm
spray droplets resulted in 60 and 62% desiccation, respectively, and were not significantly
different from each other (Table 4.3). These data indicate that when pooled over carrier volume,
desiccation following application of paraquat was not sensitive to spray droplet size. However,
desiccation following application of saflufenacil and sodium chlorate was sensitive to spray
droplet sizes of > 200 µm.
At 14 DAT, pooled over spray droplet size and independent of carrier volume,
application of paraquat resulted in 96 – 97% (Table 4.3). Conversely, saflufenacil applied at a
carrier volume of 47 L ha-1 resulted in 78% desiccation (Table 4.3). These data indicate that
when pooled over spray droplet size, desiccation following application of saflufenacil was
sensitive to carrier volume and increased (2%) as carrier volume increased from 47 to 187 L ha-1.
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Finally, pooled over carrier volume, paraquat applied with 200 µm spray droplets
resulted in 98% desiccation, which was similar to that following application of paraquat with 500
and 800 µm spray droplets (96%) (Table 4.3). Furthermore, regardless of spray droplet size,
application of paraquat resulted in greater desiccation than all other treatments. Conversely,
saflufenacil applied with 800 µm spray droplets resulted in 74% desiccation (Table 4.3). These
data indicate that when pooled over carrier volume at 14 DAT, desiccation following application
of paraquat and saflufenacil was maximized with 200 and 500 µm spray droplets.
These data correspond with our defoliation results and indicate that desiccation achieved
with saflufenacil and sodium chlorate was significantly less at each rating evaluation relative to
paraquat. Maximum desiccation observed following harvest aid application was achieved with
paraquat at a carrier volume of 47 or 187 L ha-1 with 200 µm spray droplet sizes at 3 DAT, and
with 200 or 500 µm spray droplets at 7 DAT. At 10 and 14 DAT, maximum desiccation was
observed following application of paraquat at a carrier volume of either 47 or 147 L ha-1, or in
combination with 200 and 500 µm spray droplets.
4.4.3

Soybean green stem
Green stem ratings were recorded for 2020 only, and varied due to harvest aid x carrier

volume x spray droplet size at 3 (p = 0.0472), 7 (p = < 0.0001), 10 (p = < 0.0001), and 14 DAT
(p = < 0.0001) (Table 4.4). At 3 DAT, saflufenacil applied at a carrier volume of 47 L ha-1 with
800 µm spray droplets, and sodium chlorate applied at a carrier volume of 47 L ha-1 with 500 µm
spray droplets or at 187 L ha-1 with 800 µm spray droplets resulted in 90% green stem (Table
4.4). These data were also similar to that following application of saflufenacil at 47 L ha-1 with
500 µm spray droplets (89%), at 187 L ha-1 with 200 (89%), 500 (89%), and 800 µm (89%) spray
droplets, and sodium chlorate at 187 L ha-1 with 200 (89%) and 500 µm (89%) spray droplets
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(Table 4.4). Conversely, application of sodium chlorate at a carrier volume of 47 L ha-1 with 500
µm spray droplets resulted in 87% green stem at 3 DAT (Table 4.4).
At 7 DAT, application of saflufenacil at a carrier volume of 187 L ha-1 with 500 µm spray
droplets resulted in 78% green stem, and was similar to that observed following application of
sodium chlorate at 187 L ha-1 with 800 µm spray droplets (78%) (Table 4.4). Conversely,
paraquat applied at a carrier volume of 187 L ha-1 with 200 µm spray droplets resulted in 20%
green stem, and was similar that observed following application of paraquat at a carrier volume
of 187 L ha-1 with 500 µm spray droplets (23%). Furthermore, with the exception of paraquat
applied at 187 L ha-1 with 800 µm spray droplets, paraquat applied at either carrier volume or any
droplet size reduced green stem more than all other treatments.
At 10 DAT, saflufenacil applied at a carrier volume of 187 L ha-1 with 500 µm spray
droplets resulted in 28% green stem, and was significantly greater than all other treatments
(Table 4.4). Conversely, paraquat applied at a carrier volume of 47 L ha-1 with 200 µm spray
droplets resulted in 5% green stem, and was similar to that observed following paraquat applied
at a carrier volume of 187 L ha-1 with 200 µm spray droplets (8%), and saflufenacil at 47 L ha-1
with 200 µm spray droplets (8%).
At 14 DAT, saflufenacil applied at a carrier volume of 47 L ha-1 with 800 µm spray
droplets resulted in 29% green stem and was significantly greater than all other treatments (Table
4.4). Conversely, paraquat applied at a carrier volume of 47 L ha-1 with 200 µm spray droplets
resulted in 3% green stem, and were similar to that observed following application of paraquat at
47 L ha-1 with 500 µm spray droplets (4%) and sodium chlorate at 47 L ha-1 with 200 µm spray
droplets (4%).
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These data indicate that at 7 and 10 DAT, application of paraquat at 47 L ha-1 with 200
µm spray droplets reduced green stem more than all other treatments. At 14 DAT, application of
paraquat at 47 L ha-1 with 200 or 500 µm spray droplets or sodium chlorate at 47 L ha-1 resulted
in similar levels of green stem reduction.
4.4.4

Soybean grain yield
Soybean plot weight varied due to harvest aid (p = 0.0144; Table 4.5). Soybean plot

weight following application of saflufenacil was 7.08 kilograms (kg) per plot (plot-1) and was
similar to that observed following application of sodium chlorate (6.97 kg plot-1) (Table 4.5).
Conversely, application of paraquat resulted in soybean plot weight of 6.79 kg plot-1, and was
similar to that observed following application of saflufenacil as well (Table 4.5). However, grain
moisture and grain yield (when adjusted to 13% moisture) did not vary. Soybean grain moisture
ranged from 12.2 to 14.0% and grain yield ranged from 2838 – 3088 kg ha-1 (data not shown).
These data indicate when utilized as a harvest aid, plot weight following application of
saflufenacil was greater than that following application of paraquat. However, differences
among plot weights across harvest aids were inconsequential in this study.
4.4.5

Results summary
Historically, harvest aids in soybean production systems have been employed to desiccate

weeds and increase overall harvest efficiency (Burnside et al. 1969; Burnside 1973; Griffin et al.
2003). We observed all harvest aid applications to substantially increase defoliation and
desiccation relative to the non-treated control. Our results indicate that maximum defoliation
and desiccation 14 DAT was achieved when paraquat was applied with 200 or 500 µm spray
droplets.
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Our results show harvest aid applications that included paraquat consistently resulted in
the greatest defoliation and desiccation observed. Knoche (1994) report carrier volume to be
positively correlated with herbicide efficacy. Our results show efficacy was not sensitive to
carrier volume following application of paraquat. However, efficacy did vary due to carrier
volume following application of saflufenacil and sodium chlorate. Specifically, efficacy was
positively and negatively correlated with carrier volume for saflufenacil and sodium chlorate,
respectively. Therefore we can neither agree nor disagree with Knoche (1994) who report carrier
volume to be positively correlated with herbicide efficacy.
Additionally, defoliation following application of paraquat was maximized with 200 or
500 µm spray droplets, while defoliation following application of sodium chlorate was
maximized with 500 or 800 µm spray droplets. However, defoliation following application of
saflufenacil was inversely related to spray droplet size and decreased as spray droplet size
increased from 200 to 500 µm. Desiccation following application of paraquat was also
maximized with 200 or 500 µm spray droplets, while desiccation as a function of spray droplet
size following application of both saflufenacil and sodium chlorate was inconsistent. Therefore,
we can neither agree nor disagree with Creech et al. (2015); Henry et al. (2014) and Knoche
(1994) report that overall herbicide efficacy is inversely proportional with spray droplet size.
4.5

Conclusion
The objective of this study was to evaluate the impact of harvest aid, carrier volume, and

spray droplet size on overall soybean harvest aid efficacy in Mississippi. We observed harvest
aid to be the determining factor in overall harvest aid efficacy. Consequently, we conclude that
harvest aid efficacy is primarily a function of harvest aid applied and that specific carrier volume
and spray droplet size effects vary across harvest aid. While saflufenacil and sodium chlorate
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have substantially shorter pre-harvest intervals compared to paraquat, we conclude that harvest
aid application should contain paraquat and that the increase in PHI is justifiably offset by the
substantial increase in overall harvest aid efficacy. Finally, when paraquat is applied as a harvest
aid, a carrier volume between 47 and 187 L ha-1 should be utilized with spray droplets of 200 –
500 µm in order to maximize overall harvest aid efficacy.

92

Table 4.1

Treatment combinations for soybean harvest aid application.

Formulated Product

Active Ingredient

Application Rate

Gramoxone SL 2.0
Liberate
Choice
Gramoxone SL 2.0
Liberate
Choice
Gramoxone SL 2.0
Liberate
Choice
Gramoxone SL 2.0
Liberate
Choice
Gramoxone SL 2.0
Liberate
Choice
Gramoxone SL 2.0
Liberate
Choice
Sharpen
MSO Concentrate
Choice
Sharpen
MSO Concentrate
Choice
Sharpen
MSO Concentrate
Choice

paraquat
nis
ams
paraquat
nis
ams
paraquat
nis
ams
paraquat
nis
ams
paraquat
nis
ams
paraquat
nis
ams
saflufenacil
mso
ams
saflufenacil
mso
ams
saflufenacil
mso
ams

282 g ai ha-1
0.25% v/v
1% w/v
282 g ai ha-1
0.25% v/v
1% w/v
282 g ai ha-1
0.25% v/v
1% w/v
282 g ai ha-1
0.25% v/v
1% w/v
282 g ai ha-1
0.25% v/v
1% w/v
282 g ai ha-1
0.25% v/v
1% w/v
37 g ai ha-1
1% v/v
1% w/v
37 g ai ha-1
1% v/v
1% w/v
37 g ai ha-1
1% v/v
1% w/v

Carrier Volume
L ha-1
47

Droplet Size
µm
200

47

500

MR11006

359

47

800

UR11008

310

187

200

ER110015

241

187

500

MR11006

379

187

800

UR11008

345

47

200

ER110015

241

47

500

MR11006

400

47

800

UR11006

241
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Application Pressure
kPa
ER110015
296
Nozzlea

Table 4.1

Treatment combinations for soybean harvest aid application (continued).

Formulated Product Active Ingredient

Application Rate

Carrier Volume
L ha-1
187

Droplet Size
µm
200

Application Pressure
kPa
ER110015
241
Nozzlea

Sharpen
saflufenacil
37 g ai ha-1
MSO Concentrate
mso
1% v/v
Choice
ams
1% w/v
Sharpen
saflufenacil
37 g ai ha-1
187
500
MR11006
MSO Concentrate
mso
1% v/v
Choice
ams
1% w/v
Sharpen
saflufenacil
37 g ai ha-1
187
800
UR11006
MSO Concentrate
mso
1% v/v
Choice
ams
1% w/v
Defol 5
sodium chlorate
6725 g ai ha-1
47
200
ER110015
Liberate
nis
0.25% v/v
Defol 5
sodium chlorate
6725 g ai ha-1
47
500
MR11008
Liberate
nis
0.25% v/v
Defol 5
sodium chlorate
6725 g ai ha-1
47
800
UR11008
Liberate
nis
0.25% v/v
Defol 5
sodium chlorate
6725 g ai ha-1
187
200
ER110015
Liberate
nis
0.25% v/v
Defol 5
sodium chlorate
6725 g ai ha-1
187
500
MR11008
Liberate
nis
0.25% v/v
Defol 5
sodium chlorate
6725 g ai ha-1
187
800
UR11008
Liberate
nis
0.25% v/v
a
All nozzles utilized in this experiment were manufactured and provided by Wilger Industries, Lexington, Tennessee.
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379
241
276
400
331
276
379
331

Table 4.2

Soybean defoliation at 3, 7, 10, and 14 days following harvest aid application.

Harvest Aid
paraquat

Carrier Volume
L ha-1
47
187

saflufenacil

47
187

sodium chlorate

47
187

p valuea
paraquat
saflufenacil
sodium chlorate
p valuea
paraquat

Droplet Size
µm
200
500
800
200
500
800
200
500
800
200
500
800
200
500
800
200
500
800

47
187
47
187
47
187
200
500
800
200
500
800
200
500
800

saflufenacil
sodium chlorate
p valuea
47

200
500
800
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c

3 DAT
37 a
31 b
31 b
34 a
30 b
30 b
24 efg
22 fgh
20 h
22 fgh
20 h
21 gh
26 de
30 b
25 ef
28 bcd
27 cde
22 fgh
0.0312

Defoliationb
7 DATd 10 DATe 14 DATf
82 ab
89 ab
78 cd
89 ab
78 cd
84 cd
84 a
92 a
79 bc
83 de
75 d
87 bc
47 i
68 g
36 k
54 h
40 j
58 h
60 f
75 f
48 i
66 g
43 j
67 g
76 cd
89 ab
65 e
83 de
58 fg
82 de
60 f
81 de
55 gh
80 e
54 h
76 f
< .0001 0.0010
95 a
96 a
76 e
79 d
91 b
88 c
< .0010
97 a
95 ab
94 b
81 e
79 f
73 g
90 c
92 c
76 d
< .0010
89 ab
89 ab
84 c

Table 4.2

Soybean defoliation at 3, 7, 10, and 14 days following harvest aid application
(continued).

Harvest Aid

Carrier Volume
L ha-1
187

Droplet Size
µm
3 DATc
200
500
800

Defoliationb
7 DATd 10 DATe 14 DATf
90 a
88 b
85 c
0.0072

p valuea
a
Data were pooled over years 2019 and 2020.
b
Means in the same column with the same letter are not significantly different at p ≥ 0.05.
cdef
Mean for non-treated control = 13, 21, 28, and 65%, respectively.
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Table 4.3

Soybean desiccation at 3, 7, 10, and 14 days following harvest aid application.

Harvest Aid
paraquat

Carrier Volume
L ha-1
47
187

saflufenacil

47
187

sodium chlorate

47
187

p valuea
paraquat
saflufenacil
sodium chlorate
p valuea
paraquat
saflufenacil
sodium chlorate

Droplet Size
µm
200
500
800
200
500
800
200
500
800
200
500
800
200
500
800
200
500
800

47
187
47
187
47
187
200
500
800
200
500
800
200
500
800

c

3 DAT
42 a
36 c
32 d
40 ab
38 bc
39 bc
23 efg
23 efg
20 fgh
24 e
21 fgh
20 h
29 d
25 e
23 efg
25 e
25 e
24 e
0.0129

Desiccationb
7 DATd 10 DATe
83 a
79 a
72 b
81 a
81 a
74 b
53 ef
42 j
45 ij
54 ef
49 gh
50 fgh
65 c
59 d
53 ef
56 de
46 hi
51 fgh
0.0448
91 a
89 a
60 e
67 d
80 b
76 c
< .0001
92 a
89 ab
88 b
68 e
60 f
62 f
81 c
79 c
73 d
0.0016

14 DATf

97 a
96 a
78 d
80 c
88 b
88 b
0.0273
98 a
96 ab
95 b
82 f
80 f
74 g
88 d
91 c
86 e
< .0001

p valuea
a
Data were pooled over years 2019 and 2020.
b
Means in the same column with the same letter are not significantly different at p ≥ 0.05.
cdef
Mean for non-treated control = 15, 26, 33, and 68%, respectively.
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Table 4.4

Soybean green stem at 3, 7, 10, and 14 days following harvest aid application.

Harvest Aid
paraquat

Carrier Volume
L ha-1
47
187

saflufenacil

47
187

sodium chlorate

47
187

Droplet Size
µm
200
500
800
200
500
800
200
500
800
200
500
800
200
500
800
200
500
800

c

3 DAT
88 b
88 b
88 b
88 b
88 b
88 b
88 b
89 ab
90 a
89 ab
89 ab
89 ab
88 b
87 c
90 a
89 ab
89 ab
90 a
0.0129

Percent green stemb
7 DATd 10 DATe
25 i
5f
33 h
10 e
35 h
9e
20 j
8 ef
23 ij
10 e
55 f
10 e
50 g
8 ef
73 cd
17 cd
55 f
24 b
70 d
14 d
78 a
28 a
75 bc
18 c
61 e
10 e
50 g
14 d
73 cd
23 b
73 cd
9e
75 bc
16 cd
78 ab
15 cd
< .0001 < .0001

14 DATf
3j
4 ij
7 gh
5 hi
9f
8 gh
12 e
23 b
29 a
12 e
18 c
14 d
4 ij
5 hi
16 cd
5 hi
7 gh
8 fg
< .0001

p valuea
a
Data were pooled over years 2019 and 2020.
b
Means in the same column with the same letter are not significantly different at p ≥ 0.05.
cdef
Mean for non-treated control = 95, 85, 50, and 40%, respectively.
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Table 4.5

Harvested soybean plot weight following harvest aid application.
Plot Weightb
kilograms
6.79 b
7.08 a
6.97 ab
0.0144

Harvest Aid
paraquat
saflufenacil
sodium chlorate

p valuea
a
Data were pooled over years 2019 and 2020.
b
Means in the same column with the same letter are not significantly different at p ≥ 0.05.
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